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Abstract
Hydrogels exhibit biocompatibility in a range of biomedical applications, including
drug delivery. This thesis aims to develop complementary techniques to measure the
diffusion and degradation behaviors within an injectable, hydrolytically degradable
hydrogel, formed via the covalent crosslinking of ethoxylated trimethylolpropane tri-3mercaptopropionate (ETTMP) and poly(ethylene glycol) diacrylate (PEGDA), to
determine its suitability as a drug delivery matrix. The characterization of water as either
free, within the network openings of the hydrogel, or bound, tightly associated with the
polymer chains, was determined using differential scanning calorimetry (DSC). The
mobility of each type of water within the hydrogels was determined via nuclear magnetic
resonance (NMR) diffusion experiments. The fractions and mobilities of the water were
found to change with initial polymer concentration within the hydrogel. Effects of the
water and swelling on the hydrolytic degradation of the hydrogel network, as well as
diffusion and release of model drugs from the hydrogels, were determined, and it was
shown that deviations from equilibrium water content (EWC) caused initial swelling or
deswelling of the gels.

1

1. Introduction
Biomaterials are implemented in prosthetic, therapeutic, and diagnostic
applications. They are biocompatible materials and become a part of the body for
restoration, augmentation, or replacement of the functions of tissues and organs in the
body.1 Commercial products that use oral and transdermal delivery of drugs already exist,
but controlled drug delivery devices that can be implemented into the body offer the
potential for long-term treatment of disease. Of biomaterials considered for implantation,
hydrogels are of interest due to their biocompatibility.
Hydrogels are polar, three-dimensional networks of polymers, able to absorb large
quantities of water, with some capable of absorbing thousands of times their dry weight
in water.2 Since hydrogels are composed of polar polymer chains, not highly crosslinked
surface polymer chains are very mobile. Researchers believe high polymer chain mobility
mimics the hydrodynamic properties of cells, preventing adsorption of proteins. Overall,
the hydrogel’s hydrophilic nature contributes to low interaction between the surface of
the hydrogel and the surrounding aqueous environment in the body.1
Within hydrogels, multiple water species exist. Bound water interacts with the
polymer chains, and free water exists within the network openings and is not associated
with the polymer chains.3 Researchers commonly use two methods to quantify bound and
free water in hydrogels. These methods are differential scanning calorimetry (DSC) and
nuclear magnetic resonance (NMR). Differential scanning calorimetry (DSC)
measurements provide the amount of freezable water, which can be bound or free, and
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non-freezable water, which is tightly bound, within the gel.3 Nuclear magnetic resonance
(NMR) diffusion measurements provide information about the self-diffusion of different
populations of water in the hydrogel and are complementary to DSC measurements.4
The experiments designed in this thesis were to determine the behavior of water
within a model injectable hydrogel system and its effects on drug release and degradation
of the hydrogels. The model hydrogel is formed via a thiol-ene Michael addition between
ethoxylated trimethylolpropane tri-3-mercaptopropionate (ETTMP) and poly(ethylene
glycol) diacrylate (PEGDA). This system was developed by Pritchard et al. to be nonvolume swelling, to allow injection near nervous tissue.5
Once thoroughly characterized, the effect of the water on the degradation and
drug delivery properties will contribute to our ability to formulate the hydrogel drug
delivery systems to reliably release a therapeutically relevant quantity of drug,
accompanied by a suitable device lifetime. Such a system can eliminate the need for daily
drug administration, allow for localized delivery to enhance the desired effect at the
treatment site, and allow for more personalized medicine, with tailorable treatment
duration and blood concentration.

3
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2. Background
2.1 Hydrogels
Capable of absorbing large amounts of water and exhibiting biocompatibility,
flexibility, and softness, hydrogels are of great interest in biomedical research.1,2 First
reported by Wichterle and Lim in 1954, synthetic hydrogels have been studied for
biomedical implants, pharmaceuticals, and food additives.3,4 Applications include contact
lenses, tissue engineering, wound dressings, and, what will be the focus of this thesis,
drug delivery.2
Hydrogels can be characterized based on the bonds or interactions that hold them
together. Physical hydrogels are held together via molecular entanglements or secondary,
non-covalent bonding. These gels are often referred to as reversible gels, as changing
environmental conditions, such as pH or temperature, can dissolve them. Chemical
hydrogels are held together by covalent bonds, formed by crosslinking different polymer
chains. These hydrogels can be prepared via polymerization of a polar monomer with a
multifunctional crosslinker, or by the crosslinking of polymers that are water soluble.2

2.1.1 Swelling
One common property of covalent hydrogels is swelling upon exposure to water.
Many factors affect the swelling of hydrogels, but the crosslinking ratio, which compares
the moles of crosslinking agent to that of the repeating units of the polymer, is one of the
most important.5 Hydrogels that are more highly crosslinked exhibit less swelling than
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those with less crosslinking, due to their tighter structures. Polymer chain mobility is
hindered with higher degrees of crosslinking, leading to less swelling. The presence of
hydrophobic groups in a hydrogel causes these areas of the hydrogel to collapse when
exposed to water, to minimize their exposure, and thus swell to a lesser degree than
hydrogels with polar groups.5
In the absence of ionic moieties, hydrogel structure can be analyzed using the
Flory-Rehner theory, which states that there are two opposing forces acting on a
crosslinked hydrogel, that is allowed to reach equilibrium with its surrounding fluid.5
These forces are the thermodynamic forces of mixing, and the retractive forces of the
polymer chains. When equilibrium is reached, these forces are equal.5
When water is introduced into an initially dry hydrogel, it first hydrates the polar
regions of the polymer, before exposing the non-polar regions of the polymer to water.1
The osmotic driving force of the polymer chains toward infinite dilution causes more
water absorption, and the water begins to fill the network openings as the chains become
saturated.1 When the chemical potential of the solvent inside the gel, 𝜇"#$ , equals that
outside the gel, 𝜇"%&' , such that the osmotic pressure, Π, is zero, the gel is said to be in
thermodynamic equilibrium,6
𝜇"#$ − 𝜇"%&'
Π=
=0
𝑣"

(2.1)

with 𝑣" being the molar volume of the solvent. Alternatively, the Helmholtz free energy
change, ∆𝐹, can be used to calculate the osmotic pressure,
Π=−

𝑁( 𝜕∆𝐹
𝑣" 𝜕𝑁"

(2.2)
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with 𝑁( being Avogadro’s number and 𝑁" the number of solvent molecules. The free
energy change can be broken down into its components,
∆𝐹 = ∆𝐹)#* + ∆𝐹+, + ∆𝐹#%$

(2.3)

where ∆𝐹)#* , ∆𝐹+, , and ∆𝐹#%$ are the mixing, elastic, and, for the case of ionizable gels,
ionic contributions, respectively. The osmotic pressure can then be assumed to have the
same contributions:6
Π = Π)#* + Π+, + Π#%$

(2.4)

Since the polar nature of hydrogels is one of the characteristics that makes them
favored in biomedical research, characterizing their water absorption is important.3 One
of the properties that can be used for this is the hydrogel mesh size, ξ, which is the
average distance between consecutive crosslinks (Figure 2.1). This parameter is also
helpful to determine the screening effect that a hydrogel network has on solute diffusion.
In theory, diffusion of a solute in a hydrogel matrix is not possible when the mesh size
approaches the solute size.3 Several factors can affect mesh size, which include the degree
of crosslinking within the hydrogel, chemical structures of the monomers, and
environment, such as pH, ionic strength, and temperature.3
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Figure 2.1. Illustration of mesh size, ξ, within a crosslinked polymer network.

The diffusivity of the releasing molecule, and the mechanical strength and
degradability of the hydrogel, are related to mesh size. The usual range for mesh size in
hydrogels is between 5 and 100 nm, which allows for nonretarded diffusion of many
small-molecule drugs. Hydrogels can also be used for macromolecule diffusion, if the
structure and mesh size of the swollen hydrogels can be manipulated.3 Determination of
mesh size experimentally involves the use of light scattering or macromolecular
calculations and is often difficult. The polymer volume fraction in the swollen state, 𝑣!," ,
is easier to determine than mesh size and can give information regarding crosslinking in
swollen networks. This parameter is inversely proportional to 𝑄, the equilibrium volume
degree of swelling. It can be calculated using the polymer volume, 𝑉. , and the swollen
volume of the hydrogel, 𝑉/ , in the following equation:3
𝑣!," =

𝑉. 1
=
𝑉/ 𝑄

(2.5)
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<0 , can be calculated after
The average molecular weight between crosslinks, 𝑀
determining the polymer volume fraction before swelling, 𝑣!,1 , and after swelling, 𝑣!," ,
using the following equation derived by Peppas and Merrill,
𝑣̅
!
F
=𝑉 ? @lnC1 − 𝑣!," D + 𝑣!," + 𝜒2 𝑣!,"
1
2
2
=
−
<0 𝑀
<$
𝑀
𝑣 2/4 1 𝑣
𝑣!," GH𝑣!," I − 2 H𝑣!," IJ
!,1
!,1

(2.6)

<$ is the average molecular weight before crosslinking, 𝑣̅ is the specific volume,
where 𝑀
𝑉2 is the solvent molar volume, and 𝜒2 is the Flory-Huggins interaction parameter.7,8,9
The average molecular weight between crosslinks can then be used to determine the rootmean-squared end-to-end distance between two crosslinks in the solvent-free state,
(𝑟̅5! )2/! , calculated via the following equation,
2

2
(𝑟̅5! )!

<0 ! 2
2𝑀
= 𝑙N
O 𝐶$ !
𝑀1

(2.7)

where 𝐶$ is the characteristic ratio, 𝑙 is the bond length along the backbone, and 𝑀1 is the
molecular weight of the repeating units that compose the polymer.3,7 Alternatively,
(𝑟̅5! )2/! can be calculated using the following equation:3
2

2

(𝑟5̅ ! )! = 𝑙(𝐶$ 𝑁)!

(2.8)

where 𝑁 represents the number of bonds between crosslinks. From this, the mesh size, 𝜉,
can then be determined using the following equation:7,8
𝜉=

2
2
𝑣!,"4 (𝑟̅5! )!
6

(2.9)

When hydrogels swell in the body, they can lose their mechanical performance
and undergo hydrolytic degradation at a faster rate. Non-swellable hydrogels that are able
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to maintain high compressive modulus and strength in the aqueous media are of great
interest. Since swelling is induced by polar segments along the backbone of the
hydrogels, properties that counteract this, such as thermoresponsive properties that would
cause a polymer to collapse at a certain temperature, or the use of multiarm precursors
that result in denser network structures, can be used to counteract swelling.10 Some
polymers used to synthesize hydrogels exhibit a lower critical solution temperature
(LCST), causing the gel to shrink from the swollen state when the temperature is
increased above the LCST.6 When used in microgels, these networks may be triggered by
a change in temperature to rapidly release chemicals or drugs.
MacDougall et al. synthesized thiol-yne click hydrogels with tunable properties to
determine ways to combat swelling.10 Two approaches used were increasing the number
of crosslinking sites of the PEG precursors and by chemically incorporating a
thermoresponsive segment, Pluronic L-64, that could alter the ratio between the nonpolar and polar segments.10
They found that the multiarm gels, without the thermoresponsive segment, cured
rapidly. Using the Flory-Stockmayer theory, the theoretical critical number of crosslinks
needed to form a gel was calculated for the systems, and lower values were obtained for
the systems composed of the higher number of functionalities, suggesting that fewer
intermolecular interactions are necessary for these to reach the gel point. Shrinking of the
gels was observed for the multiarm systems after 24 h in pH 7.4 PBS solution at 37 °C.
These gels, however, swelled back to 100% after 5 d, and continued swelling after signs
of degradation appeared after 21 d. The gel containing the thermoresponsive segments
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exhibited rapid expulsion of water. It was also found that changing the ratio of Pluronic
in the hydrogel mixture could tune the swelling and degradation, giving intermediate
properties.10

2.1.2 Rheology of Hydrogels
The mechanical properties of hydrogels must be carefully considered when
determining their use for different applications, and especially for tissue engineering. In
such applications, the hydrogel must be able to mimic the extracellular matrix (ECM) of
the particular cells, since the phenotype and genotype of the cell are directed by the
ECM. In addition, a stiffer substrate causes faster proliferation and slower migration of
the cells.11
Dynamic rheology measurements of a rubbery network generally involve the
complex dynamic shear modulus, 𝐺 % , which is related to the storage modulus, 𝐺′, and
loss modulus, 𝐺′′, through12
𝐺 % = 𝐺 7 + 𝑖𝐺 77

(2.10)

Since ideal rubber behavior can be assumed from the gel point to a point near the
glass transition temperature, the complex modulus can be related to the number density of
elastically effective chains, 𝑋, via the following equation:12
|𝐺 % | = 𝑅𝑇𝑋
where R and T are the gas constant and temperature, respectively.

(2.11)
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The mesh size of the hydrogel can also be determined from rheological
measurements. Determination of the shear modulus, 𝐺, allows the mesh size, 𝜉, to be
calculated via the following equation:
2

6𝑅𝑇 1 4
𝜉=H
I
𝜋𝑁( 𝐺

(2.12)

where 𝑁( is Avogadro’s number.13

2.1.3 Degradation
In some medical applications, such as contact lenses and wound dressings, nondegradable hydrogels are used, but degradable hydrogels for medical purposes are of
great interest.14 Hydrogels that degrade within a relevant amount of time are favorable to
non-degradable hydrogels for many applications, since recovery of the hydrogel with
additional surgeries is not needed.3 When hydrogels degrade, they mostly do so via
hydrolysis of the crosslinks or the polymer backbone. For synthetic hydrogels, hydrolytic
degradation has become of great interest as a degradation mechanism.9 Breaking down
the polymer backbone can be accomplished by incorporating degradable units into the
polymer, or contacting the hydrogel with an enzyme capable of breaking down the
crosslinks or backbone.14
In hydrogels, there are two types of erosion that can take place.15 The rate at
which water diffuses into the polymer and the rate at which the backbone cleaves
determine which form of erosion will occur. Bulk erosion, also known as homogeneous
erosion, occurs when the rate of water diffusion is much faster than backbone cleavage.
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Erosion occurs at the same rate throughout the entire network, leading to a homogeneous
decrease in molecular weight, mechanical properties, and mass.15 When cleavage of the
backbone occurs much faster than the diffusion of water, surface erosion, or
heterogeneous erosion, will be observed.15 The time scales for both surface and bulk
erosion vary greatly depending on the specific hydrogel. For hydrogels prepared in the
presence of water and administered in the hydrated state, bulk erosion is typical, since
degradation via hydrolysis can immediately begin, and is less dependent on the diffusion
of water into the gel. A physical gel that dissolves in solution is more likely to experience
surface erosion.
Polymer degradation can allow the release of molecules from within the hydrogel.
Meyvis et al. studied the release of proteins from dextran methacrylate (dex-MA)
hydrogels.14 The release of bovine serum albumin (BSA) and immunoglobulin G (IgG)
from dex-MA hydrogels was studied in both degrading and non-degrading hydrogels.
Dextranase was incorporated into the degrading hydrogels to hydrolyze network chains.
The degree of substitution (DS), which is defined as the number of methacrylate groups
per 100 glycopyranose residues, was also varied. Release of between 9 and 20% of the
total protein within the hydrogels was observed for the non-degrading hydrogels, over the
course of roughly 100 d. In dex-MA hydrogels with a DS of 5.0 and 7.2, the release rate
of BSA from the hydrogel increased with an increase in concentration of dextranase
incorporated into the hydrogel. The larger IgG molecules exhibited higher release rates
with increasing dextranase concentration in hydrogels with a DS of 5.0, but there was not
much increase with a DS of 7.2. This is likely due to the increase in smaller, less
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degradable network chains that arise from the higher crosslink density within the
hydrogel, as well as the larger size of the IgG. A 100% release rate was never observed,
since full degradation did not occur over the length of the experiments, but the amount of
protein released was always larger for the degradable hydrogels in comparison to the
non-degradable counterparts, and release lasted upwards of 150 d.14 This demonstrates
the ability to tailor the degradation rate of, and therefore release rate, from hydrogels by
changing the concentration of hydrolysable units within the network, and incorporating
enzymes capable of increasing the rate of hydrolysis of the polymers.

2.1.4 Drug Delivery
Hydrogels can be loaded with drugs, such that the drug elutes into surrounding
tissue locally, or they can be administered into the circulatory system.16 There are two
ways drugs can be loaded into a hydrogel. Post-loading occurs after the hydrogel is
formed. In situ loading involves mixing the drug with the polymer precursor solution, and
encapsulation of the drug and formation of the hydrogel networks occur simultaneously.3
Hydrogels that are responsive to stimuli can experience gel-sol phase transitions or
reversible volume phase transitions in response to minor environmental changes, such as
temperature or pH.17
Models to predict the release of drugs from hydrogels fall into the categories of
diffusion-controlled, swelling-controlled, and chemically-controlled.3 Diffusioncontrolled is most often applicable, with the use of Fick’s Law of Diffusion common,
with constant or variable diffusion coefficients. When the diffusion of the drug is faster
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than the swelling of the hydrogel, swelling-controlled release occurs, as water is absorbed
into a dry hydrogel. Moving boundary conditions are used in this model, with molecules
released at the interface of the swollen hydrogel in rubbery and glassy phases. Release of
molecules arising from reactions within the hydrogel are characterized as chemicallycontrolled mechanisms. Hydrolytic and enzymatic degradation of the polymer chains
within the hydrogel, and reactions that occur between the hydrogel network and the drug,
are common reactions in this model.3 Hydrolysis as a mechanism of degradation is
favored over enzymatic degradation, due to the variation in enzyme levels between
individuals.

2.2 Injectable Hydrogels
Chemically crosslinked hydrogels have better mechanical strength and exhibit
longer term stability in vivo, although many have long reaction times that occur under
harsh conditions that may leach undesirable chemicals into the body.18 Click reactions are
becoming of greater interest, and although many still require the use of UV light,
transition metal catalysts, or precursors with a complex synthetic route, some hydrogels
can be formed with mild conditions under physiological conditions. In particular,
injectable hydrogels need to be able to form under physiological conditions, since they
are delivered to the body before gelation. Injectability is a favorable aspect of hydrogels,
since they do not require implantation.
Injectable hydrogels are highly desirable due to their ability to be delivered to
areas inaccessible via surgery.19 Since injectable hydrogels gel while in the body, they
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can conform to the shape of their surroundings, allowing direct contact with the tissues
into which the drug will be eluting.19 If additional doses are necessary, injections allow
for administration to the same site, without the need for multiple surgeries that would be
required with implantable hydrogels.19 Controlling the release profile of injectable
hydrogels can be difficult, however, since drug can be lost before the gel is fully formed.
Rapid release, in higher dosage than desired, often initially occurs, and can continue for
the duration of drug release, or can be followed by a more sustained release.19 Depending
on application, the rate of gelation may need to be fast, for entrapping drugs for use in
surgery, or slow, for allowing the hydrogel mixture to adhere to surrounding tissue.16
Various issues can arise in a clinical setting when injecting hydrogels that cure
in situ. The precursors often need to be kept separate before injection and may require a
double-barreled syringe. If the reaction is fast, the injection needs to be done quickly. If
the mixture begins to gel before it all has been injected, it can clog the needle, meaning
some of the gel mixture is not delivered to the target area.16 Because of this, it is
important to be able to control the gelation process.

2.2.1 Injectable PEG Hydrogels
Devices and drug delivery systems based on poly(ethylene glycol) (PEG)
hydrogels have already been approved by the FDA, based on limited cellular interactions
and non-specific protein adhesion. However, one hydrogel consisting of PEG ester and
trilysine amine solutions exhibited swelling in the body, causing spinal cord compression,
while another injectable hydrogel used in the treatment of retinal detachment displayed
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swelling that compromised its long-term use. These examples have led to the importance
of the development of hydrogels that do not swell during equilibration when placed in the
body.20
Pritchard, et al. have developed an injectable hydrogel system where a Michael
addition, Figure 2.2, occurs between a thiol and acrylate in an aqueous environment,
yielding 97% monomer conversion.20 The reaction occurs between ETTMP and PEGDA,
each molecule having three thiol groups and two acrylate groups, respectively. The
Michael addition involves the addition of a dissociated thiolate nucleophile and an
unsaturated carbon double bond, which is activated by a neighboring electron
withdrawing group such as an ester or amide.20 One advantage of this mechanism is that
it forms polymer networks with minimal structural deficiencies that can react within a
surgical window of time, without producing free radicals.

Figure 2.2. Conjugate Michael Addition between ETTMP thiol groups and PEGDA acrylate groups
to form a crosslinked hydrogel.

Hydrogels of ETTMP and PEGDA, when crosslinked in stoichiometric ratio of
thiol to acrylate, likely only form via the Michael addition of the thiol and acrylate.
Reactions between thiols to form disulfides, which could occur between ETTMP
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molecules, requires oxidation, usually with I2 or Br2, neither of which should be present
in the gels, devices, or effluent.21 PEGDA can be crosslinked in the presence of a radical
initiator, which is not present in the reaction mixture, meaning the most likely reaction to
occur is Michael addition of the thiol and acrylate.
Pritchard, et al. found little variation in the physical properties and gelation times
of the ETTMP and PEGDA hydrogel when hydroquinone monomethyl ether (MEHQ), a
radical inhibitor, was included, suggesting that a radical thiyl-acrylate reaction is not
competitive with the Michael addition.20 This helps to minimize the in situ production of
free radicals, as opposed to methods involving photoinitiators and UV light. Linear
independence was found between the reaction rate, or gelation time in this instance, and
proton and thiolate anion concentrations in solution. The gelation time as a function of
pH is shown in Figure 2.3.20 The ETTMP was found to have a pKa of 9.87, indicating
dissociation of a small portion of ETTMP thiol groups in pH 7.4 PBS and the continued
formation of thiolate anions as they are consumed in the reaction.20

Figure 2.3. Gelation time as a function of phosphate buffer pH.20
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Although PEG exhibits limited protein adsorption and little cellular interaction,
the thiol chemistry in PEGDA/ETTMP hydrogels allows a number of compounds to be
attached, including peptides containing cysteine, allowing specific cell responses.20 It
was found that addition of an oligolysine peptide helped adhesion of murine
mesenchymal stem cells.20
Another PEG based injectable hydrogel, developed by Huang and Jiang,
undergoes a sol-gel transition in response to pH changes.18 The hydrogel is composed of
carboxymethyl chitosan (CMC) and an alkyne derivatized PEG monomer (DAPEG).
Gelation occurs under physiological conditions, meaning it can be injected into the body
and allowed to cure.
These hydrogels can be tuned to have varying gelation times, based on the
polymer mass fraction and the alkyne:amino ratio. An increase in the alkyne:amino ratio
from 0.11 to 0.42 decreased the gelation time from 21.3 to 7.8 min. In addition to
gelation time, degradation time is also influenced by these variations, as well as the
addition of lysozyme to the hydrogel mixture. Complete degradation occurred between 5
and 25 d, depending on gel composition.18

2.3 Diffusion
Diffusion is the movement of a single component in a mixture due to the presence
of a gradient, such as concentration, temperature or pressure. Concentration gradients are
the most common causes of diffusion, and the component subject to the gradient will
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move from high to low concentration as to eliminate the gradient. Fick’s first law of
diffusion can be used to describe diffusion of mass in one dimension:26
𝐽( = −𝐷

𝑑𝑐(
𝑑𝑥

(2.13)

This equation applies to diffusion at steady state, where 𝐽( is the molar flux of
component A, 𝐷 is the diffusivity, 𝑐( is the concentration of component A, and 𝑥 is the
distance.26

2.3.1 Diffusion within Hydrogels
Understanding diffusion within hydrogels is important to determine how a
hydrogel may behave when used in different applications. For cell encapsulation, the
transport of nutrients throughout the polymer mesh is necessary to support the cells, and
in drug delivery, restrictions in the mobility of drug molecules can allow variation in the
release profile.27
Many models exist to describe the transport within hydrogels, including the free
volume theory, hydrodynamic theory, and obstruction theory. In the free volume theory,
voids are created among the liquid molecules as a result of random thermal motion, into
which solute molecules can diffuse.28 To describe this, Lustig and Peppas proposed the
following:28,29
𝐷/
𝑟"
𝜑
= H1 − I exp c−𝑌 H
If
𝐷5
𝜉
1−𝜑
𝑌=

𝛾𝜋𝜆𝑟"!
𝑣9,:

(2.14)

(2.15)
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where 𝐷5 is the diffusion coefficient of the solute at infinite dilution, 𝐷/ is the solute
diffusion within the gel, 𝜆 is the jump length, 𝛾 is a factor between 0.5 and 1 to correct
for overlap of free volume, 𝑣9,: is the free volume per water molecule, 𝑟" is the solute
radius, 𝜑 is the polymer volume fraction within the gel, and 𝜉 is the mesh size.28
The hydrodynamic theory is based on the Stokes-Einstein equation,30
𝐷5 =

𝑘; 𝑇
6𝜋𝜂𝑟"

(2.16)

where 𝐷5 is the diffusivity of the solute in pure solvent, 𝑘; is the Boltzmann constant, 𝑟"
is the hydrodynamic radius of the solute, and 𝜂 is the solvent dynamic viscosity. The
polymer chains are viewed as hydrodynamic resistance that is fixed in place.28
The obstruction theory states that solute molecules can only diffuse through the
network if they can pass between the impenetrable polymer chains.28 This model deals
with the probability of a solute molecule finding an opening of size 𝜉 in the polymer
network, comprised of polymer chains with radius, 𝑟9 . This is shown in the equation,
!

𝐷/
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= exp c− N
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(2.17)

where 𝑟̅ is the average radius of the openings between chains, also described as half of 𝜉,
with
2

𝜉 = 𝑘" 𝜑 6!

(2.18)

where 𝑘" is constant that depends on the polymer chain flexibility and is specific for a
polymer-solvent system.28,30
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Axpe et al. described a multiscale model to include components of the obstruction
theory and free theory, to describe diffusion in hydrogels, with the following equation:30
!
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where 𝑟<= is the radius of the free volume voids within the hydrogel, and 𝑟<=> is that of
water.30 The radius of the free voids can be measured using positron annihilation lifetime
spectroscopy (PALS). When the solute radius is equal to that of the free voids, and much
smaller than the mesh size, the model can reduce to the free volume theory. As the size of
the solute approaches that of the mesh size, the model reduces to the obstruction theory.30

2.3.2 Diffusion Measurements in Hydrogels
The regions of hydrogels filled with water are the primary locations of solute
transport within the hydrogel.28 There are a number of factors that can reduce the size of
this space between polymers and can therefore have an effect on the transport of the
solute. Polymer chain mobility and charged groups on the polymer, which could bind to
the solute, can affect the transport of the solute.28
Release studies, NMR measurements, and fluorescence recovery after
photobleaching (FRAP) are some of the experimental methods that exist to study
diffusion within hydrogels. In FRAP measurements, a portion of a thin layer of hydrogel
is exposed to an intense pulse of light, after which fluorescent probes present within that
area are bleached. The spot is monitored for fluorescent intensity after the pulse,
providing information about the diffusion of probe molecules in the bleached and
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surrounding areas of the hydrogel.31 Pulsed field gradient (PFG) NMR is used to measure
the self-diffusion coefficient of molecules within a hydrogel.
Evans et al. utilized microfluidic devices to measure the diffusion coefficients of
various dye molecules within PEGDA hydrogels.32 The dyes used in the study were
methylene blue, sulforhodamine 101, and acid blue 22. A combination of optical,
effluent, and NMR analyses were used. Uptake of the dye into neat hydrogels was
measured by flowing fluid containing the dye through the microfluidic channels in the
hydrogels. It was assumed that the primary direction of the transport of the dye molecules
in the gel was in the direction perpendicular to the flow in the channel. Using a
complementary error function model, the diffusion coefficient was found with the
equation,
𝐶(𝑡, 𝑥) = 𝐶5 𝑒𝑟𝑓𝑐 H

𝑥
√4𝐷𝑡

I

(2.20)

where 𝐶 is the concentration, 𝐶5 is the initial concentration, 𝐷 is the diffusion coefficient,
and 𝑥 and 𝑡 are the position and time, respectively.33
Studies to determine elution of the dye molecules from the gel were set up in a
similar manner to the uptake experiments, except that the dye was loaded into the
hydrogel and elution into the dye-free fluid flowing through the channel was measured.
Here an error function model is used, and the solution is the equation,32
𝐶(𝑡, 𝑥) = 𝐶5 erf H

𝑥
√4𝐷𝑡

I

(2.21)

Images were captured using a digital microscope, and the Red, Green, and Blue
color levels were converted to grayscale in MATLAB, using the National Television
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System Committee (NTSC) algorithm. Hydrogels made with varying dye concentrations
were used to construct a calibration curve, correlating dye concentration to the color
intensity found using the R, G, B values. Definition of the boundary was found by fitting
the initial image to a sigmoid. The intensities over a given run were normalized from 0 to
1, with 1 being dark and 0 being light and plotted against the similarity variable, 𝜂,
𝜂 =

𝑥
2√𝑡

(2.22)

The error function diffusion model is fit to this data, and the diffusion coefficient
can be solved for (Equations 2.20 and 2.21).32
The amount of dye in the effluent was also measured, using UV-Vis spectroscopy.
The mass flow of dye measured at the outlet is the same as that out of the hydrogel at the
interface. The following equation can be used to determine diffusivity, 𝐷:
4𝐷𝑡
𝑀(𝑡) = 𝑀5 u !
𝜋𝐿

(2.23)

where 𝑀(𝑡) is the mass of dye exiting in the effluent at time, 𝑡, 𝐿 is the hydrogel width,
and 𝑀5 is the initial amount of dye present in the hydrogel, found via the following
equation:
𝑀5 = 𝑀(0) = 𝐶5 𝐴𝐿

(2.24)

where 𝐴 is the area of the interface between the hydrogel and fluid.32
Due to the small mesh size of the hydrogels, methylene blue was chosen as one of
the model dyes because of its hydrodynamic radius being less than the average distance
between crosslinks.32 The distance between the crosslinks of the PEGDA (575 g/mol)
hydrogel were estimated to be roughly 9.4 Å. Having a maximum absorbance at a
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wavelength of 660 nm, it can also be seen easily with a microscope and measured using
UV-Vis.32
Studies were done using hydrogels with DI H2O/PEGDA weight ratios of 70/30,
60/40, and 40/60. For each of the studies done using methylene blue, the diffusion
coefficients from each of the methods was found to be of the same order of magnitude
(10-7 cm2/s). Similarity in diffusion coefficients was also found for the studies involving
sulforhodamine 101. More variation was seen in the diffusion coefficients found for acid
blue 22, with orders of magnitude for the optical and effluent methods ranging from 10-9
to 10-10 cm2/s, nearly two orders of magnitude lower than those found using the NMR
method. The combination of NMR, optical, and effluent methods allowed for more
information to be collected, with the NMR method yielding the most sensitive
measurements, and the microfluidic methods showing that the solute can elute from the
hydrogel, and not just move through it.32

2.4 NMR Measurements on Hydrogels
In a gel, polymer chains are less mobile than those in semidilute systems, even of
the same concentration, due to crosslinking.34 Probe polymer chains have been studied in
gels using dynamic light scattering and forced Rayleigh scattering, to find where the
diffusion of the chains in the hydrogel matrix is slow relative to the probe polymers.
These measurements, however, can be difficult with many gel systems. NMR
measurements can be used to gain insight into the diffusion within polymer gels, with the
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molecular motion of solvent and probe polymer described by the spin-lattice relaxation
time (𝑇2 ) and spin-spin relaxation time (𝑇! ).34
In both NMR relaxation and diffusion measurements, a spin echo is used.35 Such a
technique uses a 90° pulse, followed by a 180° pulse. The 90° pulse causes the spins to
precess, and the 180° pulse reverses this motion, and causes the spins to precess in the
opposite direction at a rate that is dependent on the initial precession following the 90°
pulse. 35 The spins come back into phase, and there is a resulting increase in transverse
magnetization, known as a spin echo. The precession of a spin is the gyration of the
magnetic moment of the spin about the axis of the external magnetic field.

2.4.1 Relaxation
A sample is subjected to a static magnetic field, 𝐁𝟎 , during NMR measurements,
about which the spins precess.35 Each spin itself represents a dipole, 𝛍, meaning that in
addition to being subjected to a magnetic field, it also generates one. These fields created
by dipoles can be felt by neighboring spins, in addition to the static magnetic field. Thus,
the ith spin will be subjected to a field represented by the equation,
𝐁𝒊 = 𝐁𝟎 + 𝐛𝒊

(2.25)

where 𝐛𝒊 is the dipole field. However, only the fields parallel to 𝐁𝟎 are considered, since
they cause the variation in precession, so the field seen by the jth spin becomes
𝐁𝒋 = C𝐵5 + 𝑏B D𝐤

(2.26)

The magnetization vector precesses about the magnetic field such that its length
and the angle it forms with the magnetic field, are constant, in a behavior known as the
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Larmor precession. The frequency at which it precesses is called the Larmor frequency,
and this is equal to the frequency of the specific instrument. Such differences in the
magnetic field give rise to relaxation.35
With relaxation parallel to the static magnetic field, there are changes in the spin
magnetic energy density, causing energy to flow into the rest of the system, or the lattice,
and this is coined the spin-lattice relaxation, or longitudinal relaxation, quantified by the
relaxation time, 𝑇2 . The relaxation that comes about from destructive interference of the
different rates of spin precessions, is known as spin-spin relaxation, or transverse
relaxation, quantified by the relaxation time, 𝑇! .35
First proposed in 1946 by Felix Bloch, the Bloch equations combine relaxation
and precession in magnetization equations:
𝑀̇* = 𝛾|𝐌 × 𝐁|* −

𝑀*
𝑇!

(2.27)

𝑀̇C = 𝛾|𝐌 × 𝐁|C −

𝑀C
𝑇!

(2.28)

𝑀5 − 𝑀D
𝑇2

(2.29)

𝑀̇D = 𝛾|𝐌 × 𝐁|D −

where 𝑀5 is the equilibrium value for the magnetization in the z direction. No such terms
exist for that of the x and y directions, as they relax to zero. The torque term, |𝐌 × 𝐁|, is
relevant during a pulse, whereas the second term, the relaxation term, describes the
magnetization during relaxation. If relaxation is exponential, the following can be said
about the magnetization in the x and z directions:35
𝑀* (𝑡) = 𝑀* (0) cos(𝜔5 𝑡) exp H−

𝑡
I
𝑇!

(2.30)
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𝑀D (𝑡) = 𝑀5 − [𝑀5 − 𝑀(0)] exp H−

𝑡
I
𝑇2

(2.31)

To measure the 𝑇! relaxation time, a Carr-Purcell-Meiboom-Gill (CPMG) pulse
sequence is used. This pulse sequence utilizes a 90° pulse followed by a series of 180°
pulses, to obtain spin echoes after varying times.35
Here, the important parameter is 𝜏, the separation between pulses, as spin echoes
will be measured. The 𝑇! relaxation time measured may not be representative of any one
species within a sample, but instead is an observed 𝑇! relaxation time, getting its value
from contributions of the intrinsic relaxation times of the constituents.

2.4.2 Diffusion
The diffusion measurements obtained for a given species via NMR give selfdiffusion, which is the translational motion brought about by the thermal energy of the
molecules.36 By finding such a diffusion coefficient, the size, weight, and interactions of
the species with its environment, can be determined with the Stokes-Einstein equation.
When diffusion is measured for a species in an environment that allows for free and
isotropic diffusion, the self-diffusion coefficient obtained requires no additional
interpretation. It is, however, more complicated, when more than one mode of diffusion
exists, in nonhomogeneous systems.36 In a situation with free diffusion, the mean
displacement experiences an increase linearly related to the square root of the diffusion
time. For systems where barriers are present, an increase in diffusion time may not lead
to an increase in the mean displacement, and restricted diffusion occurs, which gives an

28
apparent diffusion coefficient. These restrictions occur when 𝑡E > 𝑙 ! /2𝐷, with 𝑡E being
the diffusion time, 𝑙 the length of the open compartment, and 𝐷 the diffusion coefficient
of the species in question.36
A pulsed field gradient spin echo (PFGSE) pulse sequence was used for NMR
diffusion measurements. The premise behind such a sequence is to find the distance
travelled by a species within a sample, by fixing various parameters and using the signal
acquisition to calculate a diffusion coefficient.
The pulsed field gradient spin echo is a common experiment in NMR diffusion
measurements. A 90° RF pulse is used to excite the spins to align the magnetization.37
The detected signal does not depend on the location in the sample in which it was
produced. A field-gradient pulse in the z direction allows diffusion within the sample to
be detected. A 180° RF pulse to refocus the spins, and a second gradient pulse is used.
For spins that did not undergo translation in the z direction, their transverse precession
from the second gradient pulse should be the same as that from the first. Those spins that
have translated obtain a new phase, dependent on ∆, the separation between gradient
pulses.37 The gradient pulse amplitude, 𝑔, is varied, while the pulse width, 𝛿, and ∆
remain constant. Using the echo amplitudes, the diffusion coefficient, 𝐷, of the species in
question, can be found via
𝛿
𝑆(𝑔) = 𝑆(0) exp c−𝐷𝛾 ! 𝑔! 𝛿 ! H∆ − If
3

(2.32)
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where 𝛾 is the gyromagnetic ratio, 𝑆(𝑔) is the signal at a particular value of 𝑔, and 𝑆(0)
is the signal without a gradient pulse.37 In general, the smaller the attenuation is, the more
mobile the respective species is within the sample.
The PFGSE pulse sequence, dbppste, used in these measurements was adapted
from that of Wu et al., and is shown in Figure 2.4.38

Figure 2.4. The PFGSE pulse sequence used in the hydrogel diffusion experiments.

This pulse sequence follows the same premise as the process described above,
with gradient amplitudes varied at constant ∆, 𝛿, and, a new variable introduced here, 𝜏,
which is the separation between pulses. The slight differences lead to the following
equations, which can be used to the find the diffusion coefficient,
𝛿 𝜏
− I
3 2

(2.33)

𝑆(𝑋) = 𝑆(0) exp[−𝐷𝑋]

(2.34)

𝑋 = (𝛾𝛿𝑔)! HΔ −

where 𝑆(𝑋) is the signal at a particular value of 𝑋 (with a gradient pulse), and 𝜏 is the
pulse separation computed to run the pulse sequence. A plot of the ratio of signals versus
𝑋 is constructed for each of the gradient amplitudes and used to obtain the diffusion
coefficient, 𝐷.38
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2.5 Behavior of Water within Hydrogels
Within swollen hydrogels, different states of water can exist. A common model
characterizes water as either bound, where some interaction with hydrophilic portions of
the hydrogel occurs, or free.39 Differential scanning calorimetry (DSC) is often used to
find populations of different states of water. The free water is able to freeze, and is also
referred to as freezable water, while the water bound tightly to the polymer chains is
unable to freeze, and is also referred to as non-freezable water. There can also exist an
intermediate state of loosely bound water, also capable of freezing. Heating a frozen
hydrogel can be used to determine the amount of freezable water within the gel. In some
cases, two endothermic peaks can be observed. The two peaks relate to the freezable
water, both bound, represented by a broad peak below the melting temperature of ice, and
free water, represented by a sharp peak at the melting point of ice. The population of
water unaccounted for by these peaks is then said to be the non-freezing water.39 The
presence of free and bound water within the ETTMP/PEGDA hydrogel network is
illustrated in Figure 2.5.
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Figure 2.5. Free and bound water within the ETTMP/PEGDA hydrogel network.

2.5.1 DSC Measurements
With chemically crosslinked hydrogels, there is a limited amount of water that
can be absorbed, until equilibrium swelling is reached.40 Studies done by Li et al. looked
at the states of water present in poly(vinyl alcohol) (PVA) hydrogels that had been
swelled to varying degrees. It was found that the fraction of freezable water to weight of
dry gel increased linearly with degree of saturation after a critical threshold is reached.
The fraction of non-freezable water increased to a certain degree of saturation, plateaued,
and then finally decreased slowly with increasing degree of saturation. In addition,
multiple endothermic peaks were observed with DSC, suggesting multiple states of
freezable water within the hydrogel.40
In addition to DSC measurements, various NMR techniques can be used to
determine the presence and abundance of different populations of water within hydrogels.
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NMR diffusion, 𝑇2 , and 𝑇! measurements have been done on a variety of hydrogels to
determine the behavior of water within the gels.41,42,43,44
Ahmad and Huglin determined the states of water present in poly(methyl
methacrylate-co-N-vinyl-2-pyrrolidone) (polyMMA-co-VP) hydrogels using a DSC
technique. Instead of performing the tests at varying amounts of water within a gel of the
same composition, gels of different compositions of the polymers, that in turn had
varying equilibrium water contents (EWC), were tested and compared.45 The heating rate
of the experiments was important in determining the amounts of each species of water
present, as the two endotherms merged into one peak when the rate was higher than
2.5 K/min. The peak at the temperature for bound freezable water only appeared for
certain compositions, with the sample with the lowest EWC only showing one peak at
273 K, which is associated with the free, freezable water.
The ratios of the water molecules to the number of polar monomer units, VP,
present showed an increase with the VP concentration that was present in the dry gel
composition. For water that is capable of interacting with the VP units, the non-freezable,
or bound, water needs to be considered. The binding ratio for this type of water went
from 3.8 to 7.5 when going from low to high VP content, and this value of 7.5 is in
agreement with 7, which is the estimated ratio for poly(HEMA-VP) gels of high water
content.46
If viewed in terms of hydration shells, the non-freezing water may be seen as
being bound to the polar sites on the polymer and surrounded by shells of freezing water.
The freezable bound water may be an intermediate species that is loosely bound to either
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the tightly bound species or the polymer. In addition, the increased VP content in the
hydrogels may make them less hydrophobic, allowing more bulk water to enter the areas
with the VP units, which may lead to the loosely bound water being overtaken by bulk
water.45 The changes in the shape of the peaks also support water existing as a continuum
from non-freezing bound water to free freezable water. The binding ratios do not alter as
drastically for the non-freezing water, which supports water binding to polar sites.45

2.5.2 NMR Measurements to Study Water Behavior
Work done by Barbieri et al. studied the behavior of water in poly(HEMA) and
poly(HEMA-co-DHPMA) hydrogels using NMR relaxation and diffusion
measurements.41 Hydrogels in the presence of external water were tested, as well as
hydrogel samples not in an excess of water. For the relaxation measurements, a CarrPurcell-Meiboom-Gill (CPMG) pulse sequence was used, and the decay was found to be
biexponential. For the gels in excess water, the water in the hydrogel was attributed to the
fast-relaxing component, and the water outside the gel was attributed to the slow-relaxing
component. The values obtained for the 𝑇! of the excess water are on the same order of
magnitude as the 𝑇! value of pure water, which is roughly 2 s. The 𝑇! values of the water
within the hydrogel are much lower than that of pure water, and this is explained by the
reduction of rotational motion of the water molecules, caused by interaction with the
polymer network. The presence of exchangeable protons, such as -OH, -NH2, and -SH,
when in exchange with the protons of water, can cause a reduction in the spin-spin
relaxation time, whose magnitude is dependent on many factors, which include the pulse
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spacing, 𝜏, used in the CPMG pulse sequence. The following equation can be used to find
either the spin-spin relaxation times of exchangeable protons, 𝑇!) , or the pseudo firstorder kinetic constant, 𝑘) , of the process of exchange of protons between the polymer
and water magnetic site:41
62
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= 𝑇!:
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62
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(2.35)

where 𝑇!%;" is the measured 𝑇! value, 𝑃) is the fraction of exchangeable protons in the
polymer network, and 𝑇!: is the spin-spin relaxation time of pure water. This equation
predicts a minimum in a plot of 𝑇!%;" versus 1/𝑇, whereas for water molecules not
undergoing exchange, a linear relationship is expected. Therefore, at the minimum, 𝑘) or
𝑇!) , at the temperature corresponding to the minimum, can be found, without knowing
the other, using the following equation:41
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The plot of the 𝑇! values for excess water against reciprocal temperature yielded a
linear relationship, since the change is only dependent on dipolar contribution to 𝑇! . For
the hydrogels with higher water content, the more mobile the network is, and for
hydrogel systems with higher fractions of exchangeable protons, the rate constant is
higher, which could be due to the higher likelihood of water finding an exchangeable
proton. None of this takes into account the bound water that is present, and it may be in
fast exchange with the bulk water on a time scale less than milliseconds.41
The following equation takes into account the contribution of free and bound
water to the observed 𝑇! , as opposed to using a singular 𝑇! value for water:41
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where 𝑃9 and 𝑃; are the fractions of protons from free and bound water, and 𝑇!9 and 𝑇!;
represent the relaxation times of the free and bound water.
Diffusion measurements were also made on the hydrogels, not in excess water,
using the PFG-SE Stejskal-Tanner pulse sequence. Only one component was found for
each diffusion coefficient, with a mono-exponential fit, and a higher diffusion coefficient
for water was found for the hydrogels containing a higher percentage of water. All
diffusion coefficients found within the hydrogels are lower than those of pure water.41
To determine the apparent diffusion coefficient in hydrogels surrounded by water,
diffusion analysis by relaxation-time-separated PFG (DARTS PFG) was applied to
information obtained from CPMG and PFG multiple-spin-echo (PFG-MSE)
measurements. It was found that the diffusion coefficients obtained for the excess water
agreed with self-diffusion coefficients of pure water.41
Diffusion measurements were performed on various contact lens hydrogels by
McConville and Pope.44 A Stejskal-Tanner PFG spin-echo technique was used to
measure the diffusion coefficients of the hydrogel samples. The Stejskal-Tanner equation
can be used to relate the attenuation to the diffusion coefficient, 𝐷,
𝑆(𝐺)
𝛿
ln N
O = −𝛾 ! 𝐷𝛿 ! 𝐺 ! HΔ − I
𝑆(0)
3

(2.38)

where 𝑆(𝐺) and 𝑆(0) are the signal amplitudes at a given gradient value and in the
absence of a gradient pulse, 𝛾 is the gyromagnetic ratio, 𝛿 is the length of the gradient
pulse, and Δ is the time between pulses. Two free parameters, 𝐷 and 𝑆(0), were used in
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the fits. It was found that the diffusion coefficient increased for gels of increasing
equilibrium water content (EWC). The diffusion coefficient was also measured for PBS,
and it was found that the data roughly extrapolated to this value. The different gel
materials were also swelled to different water contents, 𝑊𝐶. The behavior of 𝐷 in this
case was similar to the trend seen for the varying EWCs, although these plots become
nonlinear and show greater difference between materials.44
Two factors are attributed to the slowing of the diffusion of water molecules
within the gel, as compared to free water. Water may be bound, and at any point
immobilized by the polymer chains and unable to diffuse. Water, when free to diffuse, is
then hindered by the presence of the polymer network. An apparent diffusion coefficient,
𝐷F.. , is then exhibited by the water molecules. This can then be related to the diffusion
coefficient of water, 𝐷: , through the following equations:44
𝐷F.. = 𝐷: (1 − 𝑝:; )

(2.39)

100 − 𝑊𝐶
𝑊𝐶

(2.40)

𝑚:;
𝑚.

(2.41)

𝑝:; = 𝐴 ×
𝐴=

where 𝑚:; is the mass of bound water and 𝑚. is the mass of the dry polymer. The data
was found to be nonlinear and 𝐴 decreases as 𝑊𝐶 decreases. An exponential fit was used
to extract information about 𝐷5 , the diffusion coefficient of the free water within the
gel:44
𝐷F.. = 𝐷5 𝑒 6G*

(2.42)
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where 𝑘 is a factor describing the rate the slope is decreasing as (100 − 𝑊𝐶)/𝑊𝐶 is
increasing. Calculation of the y-intercept, which is 𝐷: , and the tangential slope allows for
calculation of binding parameters at different 𝑊𝐶 values, as the slope is equal to
−(𝑚:; /𝑚. ) × 𝐷: . It was found that the values of 𝐷: increased with increasing EWC,
and the hydrogels of higher EWC bind more water per mass of polymer than hydrogels of
lower EWC.
A comparison of the amount of bound water obtained via the diffusion
experiments was made with DSC measurements made previously by Mirejovsky et al. on
similar materials.47 A similar trend of a decrease in non-freezing water with an increase
in EWC was seen with the trends for the bound water found via NMR measurements, but
the bound water amounts are higher than the DSC measurements for the gels of higher
water content.44
McConville et al. used both 𝑇2 and 𝑇! relaxation data obtained by NMR to
quantify the mobility of water within hydrogels.42 Particularly, contact lenses were
measured to better understand why some of the contact lenses dehydrate when on the eye
to a greater extent than others. McConville and Pope had previously described a way in
which a model could be applied to the 𝑇! data from various hydrogels.43 The following
equation was used and is similar to that used by Barbieri et al., to describe the variation
of 𝑇! with temperature in systems with and without exchange of protons between water
and polymer:41,42,43
1
𝑇!()+F"&1+E)

=

1 − 𝑝0
𝑝0
+
𝑇!;
𝑇!0 + 𝜏+*

(2.43)
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where 𝑇!()+F"&1+E) is the measured 𝑇! , 𝑝0 is the fraction of exchangeable protons, 𝜏+* is
the exchange correlation time, with the reciprocal being the rate, and the subscripts 𝑏 and
𝑐 denote the water protons and the exchangeable polymer protons, respectively. Different
hydrogel materials were studied, one of which had exchangeable protons, in the form of
hydroxyl groups, on the polymer, and the other did not. For the material that had no
exchangeable protons, 𝑝0 was set to zero, simplifying the equation to say that the
relaxation time measured was simply that of water. This 𝑇! relaxation time of water,
however, was separated into two components for both hydrogel materials.42
The 𝑏 component of the 𝑇! relaxation time measured (or just the 𝑇! measured for
the system with no exchangeable protons) can be broken down into two components,
𝑤;9 𝑤;"
1
=
+
𝑇!; 𝑇!;9 𝑇!;"

(2.44)

where 𝑏𝑓 and 𝑏𝑠 denote the faster and slower motions, respectively, of the 𝑏 species of
water, and 𝑤 is the weighting factor each species. Such a breakdown of one of the 𝑇!
components can only be done with one species. It is not certain whether the multiple
times observed for water are due to anisotropic motion or due to the presence of multiple
species of water, namely bound and free, but it was proposed that the free and bound
water description was a good representation.42
A Bloembergen Purcell and Pound (BPP) description can be used to obtain more
information on the molecular motions,43
1 𝐶
5𝜏0
2𝜏0
= G3𝜏0 +
+
J
𝑇! 2
1 + 𝜔5! 𝜏0! 1 + 4𝜔5! 𝜏0!

(2.45)
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where 𝜏0 is the correlation time, 𝜔5 is the resonant frequency, and 𝐶 is the strength of the
magnetic dipolar interactions that are coupling the protons, with the value of 5.33x109 s-20
used for water. An Arrhenius activation law was used to describe the effect of
temperature on correlation time,
J!

𝜏0 = 𝜏5 𝑒 GK

(2.46)

where 𝜏5 is the Arrhenius coefficient, 𝐸( is the activation energy of the motion, 𝑇 is the
temperature, and 𝑘 is the Boltzmann constant. A plot of the natural log of 𝑇! versus the
inverse of temperature can be used to find these coefficients.43
Similar equations can be used to analyze the 𝑇2 data. The measured 𝑇2 value,
𝑇2()+F"&1+E) , can be broken down into components based on water protons, 𝑏 species,
and polymer protons, 𝑐 species. It should be noted that 𝑃0 here denotes the fraction of
polymer protons out of all the protons, and does not just represent the exchangeable
protons, since the 𝑇2 relaxation times apparently pick up the protons along the polymer.
Because of this, 𝑃0 does not become zero for a system with no exchangeable protons,
leading to the equation,42
1
𝑇2()+F"&1+E)

=

1 − 𝑃0
𝜏+* + 𝑇20
𝑃0
”
•+
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A BPP description can again be used for the 𝑇2 times, represented in the following
equation:
1
𝜏0
4𝜏0
= 𝐶G
+
J
𝑇2
1 + 𝜔5! 𝜏0! 1 + 4𝜔5! 𝜏0!

(2.48)
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The same Arrhenius expression as was used for the 𝑇! data can then be used for
the 𝑇2 data to obtain the activation energy and Arrhenius coefficients.
The water can, again, be divided into two components, with the slow species
being represented by 𝑏𝑠 and the fast by 𝑏𝑓. Even though in a system with no
exchangeable protons there can still be through space cross relaxation with the polymer
protons and water protons, this mostly applies to rigid networks, and it is likely negligible
for the hydrogel system with polymer and water. The following equation can therefore be
used to represent the 𝑇2 relaxation times of the hydrogels with no exchangeable protons:42
1
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More than one motion that contributed to the relaxation time of the polymer
protons was found, and it was found that an equal weighting of two components yielded a
good fit, with the following equation:
1
0.5 0.5
=
+
𝑇20 𝑇2"# 𝑇2"$

(2.50)

The 𝑇2 and 𝑇! behavior of the hydrogels was found to be complex, due to the
presence of multiple populations of protons for both water and polymer. In addition, the
possibility of anisotropic motion contributing to the relaxation times adds further
difficulty when interpreting the results. The slower species of water approached that of
PBS as the EWC of the gel material being measured increased, whereas the faster
component did not change as much, supporting the presence of free and bound water
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within the gels. The trends for the polymer protons found for the 𝑇2 and 𝑇! times are an
indication of polymer plasticization.42
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3. Methods
3.1 Precursor Purification
The ETTMP (Bruno Bock Chemische Fabrik GmbH & Co.; THIOCURE©
ETTMP 1300) and PEGDA (Sigma-Aldrich; Mn 575) are both purified by running
through a column of activated basic aluminum oxide (Sigma-Aldrich; Brockmann I). This
step is done to remove the radical inhibitor, hydroquinone monomethyl ether (MEHQ).1
This step also removes degraded mercaptopropionic acid from the ETTMP. Due to fine
particles in some of the batches of aluminum oxide, it is sometimes necessary to remove
particles from the purified ETTMP. Due to the lower viscosity of PEGDA, it can usually
pass through the column without pulling finer particles out into the purified product, and
further purification is unnecessary. Further purification of the ETTMP is necessary when
the ETTMP appears cloudy after running it through the aluminum oxide. The ETTMP is
then passed through a syringe filter (Fisher Scientific; 0.45 μm, PTFE), before storage.
The purified products are stored separately in 20 mL glass vials and kept at 4 °C until
preparation of the hydrogels.

3.2 Hydrogel synthesis
The ETTMP and PEGDA hydrogels are synthesized in a similar manner for each
application. For most applications, 265 μL ETTMP and 180 μL PEGDA are added to a 4
mL shell vial (Duran Wheaton Kimble) and vortexed for 15 s with a VWR Mini Vortex
Mixer. Varying amounts of 0.1 M pH 7.4 PBS are then added to obtain a desired
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composition, and the volumes for the most commonly used polymer concentrations are
shown in Table 3.1. The resulting solution is then vortexed for at least 15 s. Depending
on the temperature, curing is achieved in a matter of minutes.
Table 3.1. Volumes of PBS added to premixed ETTMP (265 μL) and PEGDA (180 μL) to obtain a
certain fraction of polymer within the final gel solution. For simplicity, each composition is referred
to by the polymer wt% in the first column, while the values in the third column represent the actual
composition.

Polymer
wt%
15
20
25
30
35
37.5
40
50
60
65
68
70
75

PBS Added to
ETTMP and PEGDA
(μL)
2870
2025
1520
1180
940
845
760
505
335
270
235
215
170

Actual
Polymer
wt%
15.01
20.02
25.01
30.05
35.04
37.50
40.01
50.10
60.21
65.25
68.33
70.22
74.89

A 10x (1 M) phosphate buffer solution is prepared in advance and diluted down to
0.1 M for use in hydrogels and eluent when needed, and solutions of NaOH or HCl are
added to obtain the desired pH. To prepare the 10x PBS solution, 80 g sodium chloride
(J.T. Baker), 2 g potassium chloride (VWR Chemicals BDH), 26.81 g sodium phosphate
monobasic heptahydrate (VWR Chemicals BDH), and 2.4 g potassium phosphate
monobasic (VWR Chemicals BDH), are dissolved in deionized (DI) H2O and diluted to 1
L. To prepare a 0.1 M solution of PBS, which is used in all the hydrogel formulations,
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100 mL of the 10x PBS is diluted to 1 L with DI H2O. The pH is then adjusted after
dilution.

3.3 Degradation Studies
The hydrogel tablets are prepared by mixing 265 μL ETTMP and 180 μL PEGDA
in a 4 mL vial. This mixture is vortexed for 15 s and placed on ice, if to be used
immediately. Varying amounts of PBS are added depending on the desired polymer mass
fraction. For 25, 35, and 50 wt% polymer, 1520, 940, and 505 μL of PBS, respectively,
are added to the vial. The hydrogel solution is then vortexed for 15 s, repeated by quickly
hand swirling the vial and another 5 s on the vortex, if the solution does not appear
homogeneous. Roughly 100 μL of the hydrogel solution is pipetted into a Delran tablet
mold (Figure 3.1) and the bubbles are popped with a needle. One of the wells is filled
with water, and the entire mold is wrapped in plastic wrap, to keep a humid environment
around the hydrogel tablets and avoid excessive evaporation when in the oven. The mold,
with the hydrogels, is placed into the oven at 37 °C for 20 min to finish curing.
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Figure 3.1. Mold used for hydrogel tablet preparation.

To 50 mL centrifuge tubes (VWR; 50 mL, conical bottom, plug cap), 45 mL of
pH 7.4 0.1 M PBS is added. The hydrogels are removed from the mold, massed, and
placed into separate centrifuge tubes filled with PBS. The tubes are placed into an
incubator (Lab-Line 4628) at 37 °C, with the shaker table set to 125 rev/min. Separate
samples are prepared for each time point, since lyophilization of each hydrogel tablet is
necessary at each time. When a given time point is reached, the hydrogel is removed
from the centrifuge tube and patted dry on each side with a Kimwipe (Kimtech Delicate
Task Wipers). The tablets are placed in a pre-massed 1.5 mL microcentrifuge tube
(VWR; Eppendorf) and massed before being placed in the refrigerator until
lyophilization.
With prolonged degradation, there is a loss of mechanical integrity, and the tablets
are no longer intact. At this point, they cannot be removed from the PBS and patted dry
with a Kimwipe. As much of the hydrogel as possible is transferred to a pre-massed 1.5

50
mL microcentrifuge tube. The tablets with enough remaining structural integrity to be
picked up with tweezers and not stick to a Kimwipe, are patted dry with a Kimwipe and
placed into the centrifuge tube to be massed, without any further preparation. The gels
that are still in one piece but are sticky such that they would stick to a Kimwipe if patted
dry, are scraped into the centrifuge tube without further drying, and massed. For the gels
that have broken into multiple pieces, most of the PBS is removed, and the remaining
pieces of hydrogel tablet are pipetted out with the remaining PBS. They are then
centrifuged (Denver Instrument, Force 7) for 3 min at 10,000 rev/min, and the
supernatant is pipetted off. They are then placed in the refrigerator until lyophilization.

3.4 Lyophilization Procedure
To determine a procedure that would be most efficient and effective for
lyophilizing the large number of hydrogel samples, gels made solely for the purpose of
lyophilization were synthesized and freeze-dried for varying lengths of time, with
different shelf temperatures. The details for each of the procedures, as well as the results,
can be seen in Table 3.2. When not set to a specific temperature, the shelf was at room
temperature, or the temperature of the samples or the sample holder that was placed on
top of it. The gels were made at 35 wt% polymer, so the goal was to obtain a percent
original mass close to 35% of the mass of the hydrogel before lyophilization, since as
much water as possible needed to be removed.
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Table 3.2. Development of freeze-drying procedure. *The hydrogel samples were placed in excess
PBS at 37 °C for 24 hours prior to freeze-drying.

Procedure

Shelf
Temperature
(°C)

Time
(h)

Pressure
(mbar)

A

Not Set

24

0.13

B

Not Set

12

0.13

C

Not Set
40 °C

8
4

0.13

D*

Not Set
40 °C

8
4

0.13

Freezing
Method
Freezer
~24 h
Freezer
~24 h
Freezer
~24 h
Liquid
Nitrogen
0.5 h

Percent
Original Mass
(n = 3;
± Standard
Deviation)
38.83 ± 0.3
40.44 ± 0.7
39.19 ± 0.2
35.50 ± 0.7

Although the preliminary freezing method and handling of the hydrogels prior to
the lyophilization process differ between procedures C and D, it is likely that the removal
of more mass with D is mostly from the freezing method. The hydrogel disks in liquid
nitrogen were all frozen solid at the time they were placed into the tray dryer, whereas
some gels frozen in the freezer for 24 h did not appear to be frozen solid. This, combined
with the fact that the gels frozen in liquid nitrogen remained at a lower temperature
longer than those placed in the freezer, and therefore did not thaw as quickly, likely
allowed a more complete freeze-drying process (due to water sublimation). Although it is
possible that some unreacted polymer could have diffused from the gels used in
procedure D, it likely would not have been a large amount, especially in 24 h, and in a 35
wt% polymer hydrogel, so the further loss in mass between C and D is likely not as
affected by the soaking of the hydrogels in PBS prior to testing. Because of this,
procedure D was chosen to be used for the rest of the samples.
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At least 20 min before a freeze-dry run is to be made, the collector needs to be
turned on in the freeze-dryer (Labconco; 4.5 L, -105 °C). It must be allowed to reach -40
°C or lower before the vacuum is turned on. It is recommended that this step be done
before freezing the gels. It should also be ensured at this time that the shelves are placed
in the desired location within the tray dryer (Labconco; Small Tray Dryer), with the
temperature probe attached (if it is to be used), and the vacuum valve closed on the side
of the tray dryer, so that the vacuum can immediately be started once the samples are
placed in and the door of the tray dryer is closed.
For ease of processing the large number of hydrogel samples, the hydrogels are
placed in pre-massed microcentrifuge tubes after sample collection, so that a wet mass
can be obtained, as well as a dry mass after lyophilization, by subtracting the mass of the
tube. The microcentrifuge tubes are placed in a microtube holder, allowing larger
numbers to be frozen and lyophilized at the same time. The holder is placed into a foam
box, with enough liquid nitrogen to be able to flow into the holes of the holder, to allow
direct contact with the tubes, while allowing it to remain stable and not tip over. Before
the 30 min mark, the tubes are quickly removed from the holder and the liquid nitrogen
that flowed into the holder is poured out into the foam container, before placing the tubes
back into the holder, and back into the liquid nitrogen for a few minutes to ensure they
remain as cold as possible before placing them into the freeze-dryer. At this point, the
holder can just be allowed to float, with the tubes inside, for a few minutes. This is done
so that no liquid nitrogen is placed into the freeze-dryer.
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3.5 Release Studies
The model solutes chosen were methylene blue (MB) (Sigma-Aldrich),
sulforhodamine 101 (SR101) (Sigma-Aldrich), and chloroquine diphosphate salt (SigmaAldrich). All model drugs chosen can be easily detected via UV-Vis, are water soluble,
and have been studied for potential or actual uses in medicine.
Methylene blue (Figure 3.2), a tricyclic phenothiazine drug and a dye, is
described as the first fully synthetic drug that was used in medicine, with early
applications in 1891 for the treatment of malaria.4 Sulforhodamine 101 (Figure 3.3), also
a dye, is used in neuroscience research for staining of astrocytes.5 Research has been
done showing that SR 101 can also label tumor cells derived from astrocytes, such as
glioblastomas, which may provide a way to differentiate between glioma from other
tumors in humans. Chloroquine (Figure 3.4) is generally cheap, readily available, fast
acting, and tolerated, and has been used for the treatment of malaria since the 1930s.5
Some properties of these drugs are listed in Table 3.3.7,8 The diffusion coefficient and
hydrodynamic radius listed for chloroquine are taken from values determined for
hydroxychloroquine sulfate.8

Figure 3.2. Anhydrous methylene blue. The methylene blue used in these studies was a trihydrate.
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Figure 3.3. Sulforhodamine 101.

Figure 3.4. Chloroquine.
Table 3.3. Properties of model drugs. *Values taken from Evans et al.7,9 **Values estimated from
data for hydroxychloroquine sulfate from Mamontov et al.8 ***Anhydrous salt.

Drug

Charge

MW (g/mol)

Diffusion
Coefficient
in Water
(x10-6 cm2/s)

Methylene Blue

+1

319.85***

1.9*

4.6*,9
11.3 (NMR)*

-1

606.71

2.6*

8.4*

Neutral

515.86

> 5.0**

< 4.9**

Sulforhodamine
101
Chloroquine

Hydrodynamic
Radius (Å)

The hydrogels are prepared as described above, with varying amounts of PBS and
dye solution added for each polymer composition. A methylene blue solution is prepared
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in PBS. The PBS and dye solution comprised the water portion of the gel and are added
such that the final concentration of methylene blue in the hydrogel solution is 0.067 wt%.
As an example, the 35 wt% hydrogel is prepared from 265 μL ETTMP, 180 μL PEGDA,
490 μL 0.053 M methylene blue solution, and 450 μL PBS. After mixing, 100 μL is
pipetted into the tablet mold and allowed to cure in the oven at 37 °C for 20 min. The
hydrogels loaded with SR 101 and chloroquine are prepared similarly, with a solution of
each drug in PBS being prepared and added to the hydrogel formulation to obtain the
desired concentration of drug. Hydrogels with SR 101 and chloroquine were prepared at
0.1 wt% drug.
The tablets are massed, so that the mass of dye in each tablet is known, and then
added to 45 mL of PBS in a 50 mL centrifuge tube. The centrifuge tubes are placed in the
oven at 37 °C, with the shaker table at 125 rev/min. At each time point, 3 mL of the PBS
is taken and replaced with 3 mL fresh PBS. The concentration of drug is determined via
UV-Vis (Hach DR 600), using a calibration curve to equate the absorbance at 665 nm
(MB), 587 nm (SR 101), or 343 nm (chloroquine) to the concentration of each drug.
There appeared to be an effect of the chloroquine on the crosslinking of the gels,
noted by an increase in the cure time of the gels. A gel loaded with both 0.1 wt% SR 101
and 0.05 wt% chloroquine was prepared and monitored to determine if the presence of
the chloroquine had an effect on the release of SR 101. The gels were treated in a similar
manner to the drug loaded gels described above, with 3 mL PBS being removed and
replaced with 3 mL fresh PBS at specific time points. The concentration of SR 101 was
then measured.
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3.6 Swelling Studies
Swelling studies are prepared similarly to the degradation studies. Hydrogel
tablets of compositions of 20, 25, 30, 35, 37.5, 40, and 50 wt% polymer are synthesized
and placed into centrifuge tubes filled with 45 mL pH 7.4 PBS. The tubes are then placed
into an incubator, equipped with a shaker table set at 125 rev/min, for 24 h, at one of
three temperatures. Samples were tested at 25, 30, and 37 °C. The sample time was
chosen to be 24 h, since equilibrium swelling should have been reached by this time, and
it was likely that degradation had not yet begun in the samples. At 24 h, the samples are
removed, patted dry with a Kimwipe, and placed in a pre-massed microcentrifuge tube to
be massed. Samples are stored in the refrigerator until lyophilization.

3.7 NMR Sample Preparation
The hydrogel samples for the NMR measurements are prepared by first adding
265 μL ETTMP and 180 μL PEGDA, or 530 μL ETTMP and 360 μL PEGDA, depending
on desired composition, to a 4 mL shell vial (Duran Wheaton Kimble), and vortexing for
15 s. For the hydrogels above 50 wt% polymer, the larger volumes of ETTMP and
PEGDA are used, to make a large enough volume of the hydrogel solution to put in the
NMR tube (Wilmad), since low volumes of PBS are used for these compositions.
Regardless of the hydrogel solution composition, the ETTMP and PEGDA are added in a
2:3 stoichiometric ratio (1:1 thiol to acrylate ratio). Varying amounts of PBS are added to
the vials (using a pipette) to obtain the correct concentrations of polymer, and the
solutions are vortexed for at least 15 seconds. Depending on the composition, and how
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quickly it cures, the solutions are then pipetted, or syringed with a long needle, into an
NMR tube. The tubes are then capped and placed in the oven at 37 °C for 20 min. The
samples are then left at 25 °C until measurements are made.

3.8 NMR Diffusion Measurements
A 600 MHz Varian NMR spectrometer was used for all of the NMR experiments.
At 30 °C and 37 °C, the samples were allowed to equilibrate at each temperature for at
least one hour before diffusion and relaxation measurements were started. At 25 °C, the
samples were only equilibrated for 10 minutes, since they had been at room temperature
(≈ 22°C) and it was assumed a one-hour equilibration time was not needed. Before
inserting the hydrogel sample, a standard of 4 parts of 90% D2O in H2O and 1 part
ethanol is used for tuning and shimming. The standard is allowed to equilibrate at each
temperature for 10 min before this process is begun. This process is repeated each time
the temperature is changed, and the sample is then placed in the instrument to begin
equilibration. Standard 1H NMR spectra are taken at each temperature as references and
to check for the appearance of multiple water peaks, which occurred at 37 °C for some of
the gels. After 10 min at 25 °C and one hour at 30 °C and 37 °C, the 90° pulse time is
found to be used in the diffusion and relaxation measurements.
The 90°, or 𝜋/2, time is found by arraying the pulse width, usually between 3 and
60 μs for these samples, in a proton pulse sequence. The attenuation of the water peak, or
a polymer peak in cases where radiation damping occurred with the water, at each pulse
width was interpreted as shown by Figure 3.5. To obtain a more accurate value for the
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𝜋/2 time, the 2𝜋 time is found, since it is usually more obvious to notice, and this value
is divided by four to obtain the 𝜋/2 time.

Figure 3.5. Typical attenuation (shown as the power) behavior with increasing pulse width, used to
find the 𝝅/𝟐 time.

A PFGSE pulse sequence, called dbppste, is used for the diffusion measurements
over an array of gradient values (100 to 32000 DAC units (32768 DAC units = 63 G/cm))
and delays (0.05 and 0.1 s). The water peak is integrated to find the signals and calculate
the diffusion coefficients of the water. A diffusion coefficient, 𝐷, can be calculated from
a plot of the signal ratios versus a parameter, 𝑋, as described by the following equations:
L

M

𝑋 = (𝛾𝛿𝑔)! =𝛥 − 4 − !?

(3.1)

𝑆(𝑋) = 𝑆(0) exp[−𝐷X]

(3.2)

where 𝛾 is the gyromagnetic ratio, 𝑔 is the gradient amplitude, 𝛿 is the pulse duration, ∆
is the delay between gradient pulses, 𝜏 is the pulse separation computed to run the pulse
sequence, 𝑆(𝑋) is the signal at a particular value of 𝑋 (with a gradient pulse), and 𝑆(0) is
the signal without a gradient pulse.1
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For the NMR experiments with data analysis reliant on spectral information, the
information obtained for water is based off of the signal from peak a (Figure 3.6), while
the information obtained for the PEG hydrogens is based off of peak b. Peak a appears
around 4.0 ppm, and peak b appears around 3.5 ppm, although there are shifts in these
peaks depending on hydrogel composition and temperature.

Figure 3.6. 1H NMR spectrum of 75 wt% hydrogel in PBS at 37 °C. The peak, a, corresponds to
water hydrogens, and the peak, b, corresponds to PEG hydrogens.

3.9 NMR Relaxation Measurements
The samples are allowed to equilibrate at each temperature as described in the
diffusion measurements and are often run following a diffusion measurement at a given
temperature. The same 𝜋/2 time found for a given sample at each temperature is used for
the diffusion and relaxation measurements at that given temperature and is found as
described above. A Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence, called qcpmg,
is used, and the separation between pulses, 𝜏, is set to 0.1 ms. This pulse sequence does
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not yield any spectral data, and the relaxation times are representative of all hydrogen
species that can contribute to relaxation. A biexponential fit to the data was used to
extract two 𝑇! relaxation times. In order to determine which components of the relaxation
time are due to which protons in the hydrogel, 𝑇! 𝑇! measurements were carried out, using
a sequence called CPMGT2, which collects spectral information and relaxation times,
allowing the relaxation times of particular hydrogens to be determined.

3.10 DSC Measurements
The DSC samples are prepared by pipetting roughly 500 μL of the hydrogel
solution into a silicone mold to make a thin layer of hydrogel that can easily be cut into
small cubes when cured. The mold is wrapped in plastic wrap to avoid evaporation, and it
is placed in the oven at 37° C for 20 min. It is then removed and left at room temperature
to allow any water that had been expelled during heating to absorb back into the
hydrogel. The thin layers of hydrogel are cut with a knife to form small cubes that can fit
into the TZero aluminum pans (TA Instruments), which are sealed with hermetic lids. A
pan filled with DI H2O is run to obtain the latent heat of melting for water, to allow the
free water fractions to be calculated.
A Q2000 DSC is used (TA Instruments). The samples are equilibrated at 25 °C,
before being ramped to -40 °C at a rate of 2 °C/min. After equilibration at -40 °C, the
samples are heated at a rate of 2 °C/min to 40 °C, to observe the melting of the freezable
water within the hydrogel. The nitrogen flow rate is set to 50 mL/min.
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The area of the melting peaks, which appears between 0 °C and -10 °C,
depending on the weight percent of the hydrogel being tested, is obtained and used to
determine the amount of free water within the gel. To determine the fraction of the mass
of free (freezable) water, 𝑚9: , per mass of gel solution, 𝑚/ , the following equation is
used:3
𝑚9:
∆𝐻9
=
𝑚/
∆𝐻9,N$ O

(3.3)

where ∆𝐻9,N$ O is the enthalpy of fusion of pure water, and ∆𝐻9 is the enthalpy of fusion
of the freezable water within the hydrogel. To find the mass fraction of the total water
that is free,

)%&
)&

, the following equation is used:
𝑚9:
H𝑚 I 𝑚
/
9:
=
𝑚:
𝑚
:
H𝑚 I
/

where

)&
)'

(3.4)

is the mass of water per mass of gel. These ratios are known from the

composition of the hydrogel. The fraction of total water that is bound can then be
determined:
𝑚9:
𝑚;:
=1−
𝑚:
𝑚:

(3.5)

The mass fraction of bound water, 𝑚;: , to polymer, 𝑚. , can be calculated via the
following equation:
𝑚;:
𝑚;: 𝑚: 100
=H
IN OH
I
𝑚.
𝑚:
𝑚/ 𝑤𝑡%
where 𝑤𝑡% is the polymer wt% in the gel, defined by the following:

(3.6)
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𝑤𝑡% =

𝑚.
× 100
𝑚/

(3.7)

3.11 Rheology
The ETTMP and PEGDA hydrogels appear clear or opaque when synthesized,
which seems to depend on temperature. Slight variations in preparation and curing seem
to cause these differences, so possible effects of these variations needed to be determined.
To test this, hydrogels were prepared and cured at different temperatures, and the density
of elastically effective chains was determined via rheology.
The gels were to be cured in a mold in the oven or left at room temperature, but
due to difficulties in getting a perfectly flat hydrogel disk, maintaining an even force on
each sample was difficult, leading to variation between samples. To overcome this, the
hydrogel solution was placed between the plates and allowed to cure during a time sweep
at the given temperature. Upon curing, the frequency sweep was run.
A Discovery Hybrid Rheometer HR-2 (TA Instruments) was used with a Peltier
plate (TA Instruments), allowing the temperature of the plate to be monitored and
adjusted. A 0° 25 mm geometry (TA Instruments) was used. The Peltier plate is set to the
given temperature and allowed to equilibrate before the gap is zeroed. Samples of
ETTMP and PEGDA are mixed ahead of time and PBS is added, and the whole mixture
is vortexed immediately before measurements are to be taken. Once the solution is
mixed, the next steps need to be performed quickly to allow for the gap to be filled
adequately and the experiment to be started before the gel cures. The gel solution is
delivered to the plate via a micropipette. To avoid bubbles, 540 μL of the solution, which
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is more than is needed to fill the gap, is drawn into the pipette tip and expelled only to the
first stop, to gently expel the solution and avoid air being introduced. The geometry is
then lowered to the trim gap, which is set 50 μm higher than the sample gap of 1000 μm,
to ensure that there is sufficient solution in the gap. At that point the experiment is
started, and the gap is set to the experimental gap. The time between mixing of the
solution and start of the experiment is usually around 1 min.
For a time sweep, the strain is set to 5% and the frequency to 10 Hz. The
experiment is run for 600 s, which is much longer than most of the curing times. The gel
is considered to have cured when the storage and loss moduli cross. The exact time
between mixing of the sample and the start of the experiment is recorded for each sample
and added to the time needed for the moduli to cross, giving the actual cure time.
Frequency sweeps were also conducted for each sample following the time sweep, in a
frequency range from 0.01 to 100 Hz, at 5% strain, with 5 points per decade.
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4. Results and Discussion
4.1 DSC Experiments
The amount of free and bound water in hydrogels of 15, 20, 25, 30, 35, 40, 50, 60,
65, 68, 70, and 75 wt% polymer was determined using DSC. The mass of bound water
per mass of polymer decreased as the polymer mass fraction increased (and water content
decreased). It was initially expected that the amount of bound water would be consistent
across all compositions, and that only the amount of free water would change as
composition changed.
Only one distinct melting peak was observed for the lower polymer wt%
hydrogels, as shown in Figure 4.1, suggesting that either there was only freezable free
water and non-freezable bound water, or there was also freezable bound water (i.e.
loosely bound), but the peak due to this species of water was showing up in the same
location as that of the freezable free water. Some melting peaks showed evidence of
containing more than one type of water, such as that of the 50 wt% hydrogel (Figure 4.2),
suggesting that the latter is the case. It appears as though two peaks are present, but they
are not able to be differentiated. Because of this, it is likely that the amount of free water
is overestimated, since all freezable water is being contributed to this species of water,
thereby leaving the bound water underestimated, since only the non-freezable bound
water is considered. The mass fraction of free water in the gel,
DSC data, can be seen in Figure 4.3.

)%&
)'

, calculated from the
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Figure 4.1. Melting peak of water in 25 wt% hydrogel obtained via DSC.

Figure 4.2. Melting peak of water in 50 wt% hydrogel obtained via DSC.
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𝒎

Figure 4.3. Mass of free water present per mass of gel $ 𝒎𝒇𝒘 % in hydrogels of varying polymer mass
𝒈

fractions, obtained via DSC measurements of the freezing peaks of water in hydrogels of varying
polymer mass fractions. (n=3; ± standard error).

The mass of bound water present per mass of polymer,

))&
)*

, decreased with

increasing polymer mass fraction and decreasing water fraction within the gel (Figure
4.4). We expected that this fraction would remain consistent until the higher wt%
polymer hydrogels, where there may no longer be enough water present to completely
hydrate the polymer chains. However, a possible explanation could be that the higher the
polymer mass fraction is, the less swelled the gel is, and the more tightly packed the
polymer chains. In high polymer mass fraction gels, the network is not as solvated and
not at equilibrium swelling, so more water would need to be added to extend the
polymers to a greater extent. Due to the tighter mesh and the lesser amount of polymer
chain that is extended and exposed to the water, the fewer the binding sites that are
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available for water to bind to, thereby decreasing the amount of bound water that can be
present. This is illustrated in Figure 4.5, where the bound water is shown.

𝒎

Figure 4.4. Mass of bound water present per mass of polymer $ 𝒎𝒃𝒘 % in hydrogels of varying polymer
𝒑

mass fractions, obtained via DSC measurements of the freezing peaks of water in hydrogels of
varying polymer mass fractions. (n=3; ± standard error).

Figure 4.5. Increased solvation of polymer chains within the hydrogel network with increased
swelling.
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4.2 NMR Diffusion Experiments
Initial analysis of the NMR diffusion data assumed that the data would fit a
biexponential model and yield a weighted diffusion coefficient for the free and bound
water, as shown in the following equation:
𝑆 = 𝐴(𝑓2 𝑒𝑥𝑝 [−𝐷2 𝑋] + (1 − 𝑓2 )𝑒𝑥𝑝 [−𝐷! 𝑋 ] )

(4.1)

where 𝐷2 is attributed to the fast-diffusing portion of water, which is assumed to be free
water undergoing free diffusion. The 𝐷! term is attributed to the bound water, f1 is the
fraction of free water, and A is a constant. It should be noted that, although the diffusion
coefficients of water were measured at delays of both 0.05 and 0.1 s, only the delay time
of 0.1 s was used in the analysis, since this led to more consistent data across all hydrogel
compositions.
For many of the compositions, it is apparent that a biexponential fit is needed, as
shown in Figure 4.6, but the weighting factors for each component are not in agreement
with the free and bound water fractions. It was expected that the fractions of the different
species of water obtained from the NMR measurements would at least follow a trend
similar to the DSC data, but these values obtained were higher and did not follow a trend
with composition or temperature. Discrepancies between the NMR and DSC data were
expected, however, based on the nature of the different techniques. The NMR diffusion
measurements are done at temperatures between 25 °C and 37 °C, whereas the DSC
measurements, although on a range of -40 °C to 40 °C only rely on the melting of water
at or around 0 °C. We expected that temperature would play a role in the amount of
bound and free water present, so the difference in temperature between the DSC and
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NMR measurements likely accounted for some of the differences in the fractions
obtained. The differences in techniques, with the DSC measurements relying on the phase
transition of water, and the NMR measurements relying on the mobility and thermal
motion of the liquid water within the hydrogel, are likely also causes of some of the
discrepancies. Each technique may be more sensitive to one type of water over the other.

Figure 4.6. Diffusion data for 35 wt% hydrogel at 37 °C with biexponential fit.
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Figure 4.7. Diffusion data for 75 wt% hydrogel at 37 °C with first 10 gradient values and single
exponential fit.

Based on DSC data, which showed the amount of free water approaching zero at
approximately 70 wt% polymer, we expected that, if the diffusion coefficients obtained
via NMR were a combination of the diffusion of both free and bound water, the data
would begin to approach a single exponential model. This was observed for the higher
polymer concentrations. Although looking at a plot of the 60 wt% polymer hydrogel
suggests that there are two components to the diffusion coefficient, one of the values
obtained was negative, which does not make physical sense. A single exponential fit,
using only the first 10 gradients, and therefore 𝑋 values, yields more physically relevant
diffusion coefficients for the 60 to 75 wt% polymer hydrogels. It was expected, based on
DSC data, that there would be detectable amounts of bound water in the 60 wt%
hydrogel. However, one technique may be more sensitive to small amounts of bound
water than the other. The data for the 50 wt% gel at 30 °C yielded a negative second
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component. However, due to the obvious biexponential characteristics of the 50 wt% gel
and the noiseiness of this particular set of data, the biexponential fit, as opposed to the
single exponential fit, was used. A plot of the data for a 75 wt% hydrogel, with only the
first ten gradient values used, can be seen in Figure 4.7, where it can be seen that the
biexponential characteristic seen for the 25 wt% gel is not apparent.
The diffusion coefficients obtained for the 60 to 75 wt% hydrogels continually
decrease as the polymer mass fraction increases, suggesting that there is still free water
present, diffusing at a faster rate than the bound water, and that the single exponential fit
was likely the weighted average of the free and bound water contributions.
Since, for the lower wt% polymer hydrogels that required a biexponential fit, only
the fast component of the diffusion coefficient appeared to significantly change with
composition, this component was chosen to be compared to the single diffusion
coefficient obtained for the higher wt% polymer hydrogels, as illustrated in Figure 4.8.
As a comparison, the self-diffusion coefficients of pure water at each temperature, as
measured via NMR by Holz et al., can be seen in Table 4.1.1
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Figure 4.8. Diffusion coefficients of water measured via NMR at 25, 30, and 37 °C for hydrogels of
varying polymer mass fractions. The values for 0.30 and 0.40 are the averages of two samples.
Diffusion coefficients right of the dashed line are single components taken from exponential fits;
diffusion coefficients to the left are the faster of the two components from a biexponential fit.
Table 4.1. Self-diffusion coefficients of pure water as measured via NMR.1 *The value at 37 °C was
estimated assuming an Arrhenius relationship.

Temperature (°C)
25
30
37

Self-Diffusion Coefficient
of Water (x 10-6 cm2/s)1
22.99
28.95
30.18*

The initial sets of data for the 30 and 40 wt% hydrogels appeared to be slightly off
when compared to those of the other compositions of hydrogels, so a second set of data
was obtained, and the values shown for these two compositions are the averages of both
sets. The individual diffusion coefficients obtained from each run can be seen in Table
4.2.
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Table 4.2. Diffusion coefficients of water from two separate runs of 30 and 40 wt% hydrogels at 25,
30, and 37 °C via NMR.

Fast Diffusion
Coefficient
Sample Temperature
from First
(wt%)
(°C)
Run
(x 10-6 cm2/s)
30
40

25
30
37
25
30
37

9.28
14.0
13.6
7.33
10.7
12.1

Fast Diffusion
Coefficient
from Second
Run
(x 10-6 cm2/s)
9.29
16.4
14.2
9.47
10.5
11.5

Average Fast
Diffusion
Coefficient
± Standard
Deviation
(x 10-6 cm2/s)
9.29 ± 0.007
15.2 ± 1.7
13.9 ± 0.42
8.4 ± 1.5
10.6 ± 0.14
11.8 ± 0.42

Expulsion of water at 37 °C from the 25 and 30 wt% hydrogels was observed,
with a noticeable layer of water forming at the bottom of the NMR tube, or on top of the
hydrogel within the NMR tube, as seen in Figures 4.9 and 4.10. For these two hydrogels,
the fast diffusion coefficients at 30 °C are higher than those at 37 °C, which did not occur
for the other compositions and is unexpected, since the diffusion coefficient of water
would be expected to increase with temperature, absent of another significant interaction
between water and the polymer chains.
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Figure 4.9 Expelled water present in the NMR tube above the 25 wt% hydrogel after being held at
37°C for hours.

Figure 4.10. Expelled water present in the NMR tube below the 30 wt% hydrogel after being held at
37°C for hours.

The likely cause of this is the decrease in the water content of the hydrogel. Since
the diffusion coefficient of water decreased as the mass percent of polymer increased, the
increase seen at 37 °C for these two compositions is likely due to the decreased water
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content, and therefore higher polymer content, of the portion of the hydrogel subjected to
the NMR measurements. Since, in all cases where water was expelled from the hydrogel,
it formed a layer above or below the hydrogel, out of the way of the portion being
analyzed, it is not likely that the pool of excess water contributed to the measurements of
diffusion coefficients. This phenomenon may explain any discrepancies in the data for
the 25 and 30 wt% gels at 37 °C and is illustrated in Figure 4.11.

Figure 4.11. Effect on mesh structure of water expulsion.

Initially, it was believed that the slower of the two components obtained for the
diffusion coefficients with the biexponential fits was the diffusion coefficient of the
bound water. With the fast and slow components of the biexponential fits plotted with the
single diffusion coefficients obtained for the higher polymer mass fraction gels (Figure
4.12), it can be seen that the single diffusion coefficient of the higher polymer mass
fraction gels is well above that of the second component of the lower polymer mass
fraction gels. If these second components were indeed the diffusion coefficients of bound
water, it would be expected that these would be more in line with the diffusion
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coefficients of the higher polymer compositions, especially the 75 wt% gel, which,
according to DSC data, should contain only bound water. Perhaps the differences in the
fits could lead to the data not merging, but another explanation could be that these were
just fitting parameters needed to extract a realistic diffusion coefficient from the data,
which showed a biexponential trend. Like those of the higher polymer mass fraction gels,
it is likely that the diffusion coefficients obtained were also weighted averages of the
diffusion of more than one species of water.

Figure 4.12. Fast and slow components of the diffusion coefficients measured via NMR at 25, 30, and
37 °C for hydrogels of varying polymer mass fraction. The dashed line represents the average slow
component of the diffusion coefficient from the 25, 30, 35, 40, and 50 wt% hydrogels.

To determine the fractions of each type of water based on the diffusion
coefficient, values for free water and bound water needed to be determined to be able to
find the fraction of each. For free water, the self-diffusion coefficients obtained via NMR
diffusion measurements by Holz et al. were used, and the diffusion coefficient found for
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the 75 wt% gel was used for the bound water diffusion coefficient, since at 75 wt%, it
was likely that only or mostly bound water was present.1 Using the following equation,
the fraction of free water, 𝛼, can be calculated:
𝐷)+F"&1+E = 𝛼𝐷: + (1 − 𝛼)𝐷;:

(4.2)

where 𝐷)+F"&1+E is the diffusion coefficient obtained from fitting the NMR data, 𝐷: is
that of pure water at the given temperature, measured by Holz et al., and 𝐷;: is the
diffusion coefficient of bound water, which was assumed to be the diffusion coefficient
obtained for the 75 wt% gel at a given temperature.1 The fraction of water that is bound
water can then be calculated as 1 − 𝛼. Knowing the composition of the hydrogel, the
mass of bound water per mass of polymer,
equal to

))&
)&

))&
)*

, can be calculated from 1 − 𝛼, which is

.

When the fraction of bound water per mass of polymer was plotted against the
polymer mass fraction, as was done for the DSC data, it was found that the trend present
for the DSC data matched that found with the NMR data, especially at the higher polymer
mass fractions, where the data at each of the three temperatures seemed to converge
(Figure 4.13). If temperature was the only difference between the NMR and DSC
techniques, it would be expected that the bound water fractions obtained from the DSC
data would be higher than those observed at 25 °C, since these measurements are
obtained around 0 °C. This is not seen, however, as the DSC data remains below all of
the NMR data until the higher polymer mass fractions. An explanation for this, besides
the difference in technique, could be due to the free water being overestimated with the
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DSC data, as described above, leading to a lower bound water fraction than what is
actually present. This is also demonstrated in Figure 4.14, where the DSC data appears to
overestimate the mass fraction of free water in the gel, when compared to that found with
the NMR measurements.

Figure 4.13. Comparison of the mass of bound water present per mass of polymer $

𝒎𝒃𝒘
𝒎𝒑

% obtained via

NMR and DSC measurements, for hydrogels of varying polymer mass fractions. (for DSC (asterisk):
n=3; ± standard error).
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𝒎

Figure 4.14. Comparison of the mass of free water present per mass of gel $ 𝒎𝒇𝒘 % obtained via NMR
𝒈

and DSC measurements, for hydrogels of varying polymer mass fractions. (for DSC (asterisk): n=3;
± standard error).

4.3 NMR Relaxation Experiments
Relaxation measurements were obtained for 30, 35, 50, and 70 wt% hydrogels at
25, 30, and 37 °C, and for a larger variety of compositions just at 25 °C. Each set of data
was fit with a biexponential fit, and two relaxation times were extracted. The fast
component, 𝑇!; , and the slow component, 𝑇!" , can be seen in Figures 4.15 and 4.16.
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Figure 4.15. Slow component of the 𝑻𝟐 relaxation time for hydrogels of varying polymer mass
fractions at different temperatures.

Figure 4.16. Fast component of the 𝑻𝟐 relaxation time for hydrogels of varying polymer mass
fractions at different temperatures.
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Since the pulse sequence used for the 𝑇! measurements, qcpmg, does not take into
account spectral information, it was unclear at first whether these two times were
indicative of more than one species of water, or if one set of protons contributing to these
relaxation times belonged to the polymer chains. The fraction of the faster component, 𝑓; ,
changes with composition, which could support either the changing fraction of free and
bound water, or of polymer and water protons. The slower component, 1 − 𝑓; , however,
appears to correspond with the fraction of protons on the polymer chain for a given
composition. A plot of the fraction of the slower component versus the fraction of
polymer protons for each composition at 25 °C, seems to show that these are likely the
polymer protons, despite minor discrepancies (Figure 4.17). The calculated fraction is the
fraction of protons present in the PEG portions of the polymers out of the total number of
water and PEG related protons. Figure 4.18 shows the change in the fraction of the faster
proton species with the polymer mass fraction at different temperatures. Based on data
from the diffusion measurements, it appears that the fraction of bound and free water
changes slightly with temperature, and this fraction obtained from the relaxation
measurements does not appear to change with temperature, which suggests that these
protons are from the entire population of water, and not due to only bound or free water.

83

Figure 4.17. The change in the fraction of the slower component (𝟏 − 𝒇𝒃 ) with polymer mass
fraction. The circles represent the data obtained at 25 °C, and the solid line represents the actual
fraction of total protons that are polymer (PEG) protons.

Figure 4.18. Fraction of the faster species (𝒇𝒃 ) obtained via 𝑻𝟐 measurements at different
temperatures for hydrogels of varying polymer mass fraction.
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Data from 𝑇! 𝑇! measurements obtained using a pulse sequence called CPMGT2,
were used to connect the spectral information to the relaxation times found from the
qcpmg measurements, since the CPMGT2 experiments yield relaxation times as they
pertain to a particular peak in the spectrum, and thus to specific hydrogens in a sample.
This was done to confirm what protons were associated with the fast and slow
components in the qcpmg measurements. The water peak and polymer proton peaks were
analyzed separately. For the most part, the water peak was best described with a single
exponential fit, whereas the polymer proton peaks were best described with a
biexponential fit, yielding two relaxation times for the polymer protons. The single time
extrapolated from the water data was close to the fast component values obtained from
the qcpmg measurements, whereas the slow, and most abundant, component for the
polymer protons, mostly lined up with the values obtained from the qcpmg
measurements. These values can be seen in Table 4.3.
Table 4.3. Relaxation times obtained from qcpmg and CPMGT2 measurements.

qcpmg
Wt%
Polymer
30
40

Temperature
(°C)

Fast
(s)

Slow
(s)

Polymer
Slow (s)

25
30
37
25
30
37

1.466
1.680
1.941
1.110
1.272
1.565

0.241
0.253
0.242
0.173
0.191
0.204

0.249
0.256
0.232
0.173
0.190
0.197

CPMGT2
Polymer
Polymer
Fast
Fast (s)
Fraction
1.258
0.046
1.807
0.067
13
0.039
3.5x10
1.036
0.086
1.524
0.109
3.021
0.084

Water
(s)
1.474
1.670
1.815
1.117
1.274
1.451
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Although the information obtained from biexponential fits did not yield
information about the types of water present within the hydrogels, it is possible that the
use of a different model may be able to differentiate between the bound and free water.

4.4 Release Studies
The release of methylene blue, sulforhodamine 101, and chloroquine was
characterized by dividing the mass of drug released (𝑚1,PQ , 𝑚1,RS , and 𝑚1,T ,
respectively) by the initial mass of drug in the gel (𝑚#,PQ , 𝑚#,RS , and 𝑚#,T ), to obtain a
)

mass fraction of drug released ( )-,/0 ,

)-,/0

1,/0 )1,/0

, and

)-,/0
)1,/0

).

Although the release of methylene blue (MB) from the hydrogels appears normal
(Figure 4.19), there is likely reaction of the MB with the free thiol groups of the
unreacted ETTMP. Previous accounts of the reduction of MB by cysteines and other thiol
containing molecules have been reported.2 The larger concentration of MB detected
overall for the 25 wt% gel may likely be due to the fact that this composition contains the
least amount of ETTMP, and therefore the fewest thiol groups for the MB to react with,
allowing more free MB to diffuse from the gel and be detected. Initially, this was thought
to be a delay with the gels of higher polymer concentrations, due to swelling, although
the gap between the different compositions remained throughout the entirety of the study.
The effect of ETTMP on MB can be seen in Figure 4.20. A change in color, from a dark
blue to a light blue color, and eventually to colorless, was observed in a solution of MB
containing ETTMP, while no change in color was observed when in a solution with
PEGDA.
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𝒎

Figure 4.19. Mass fraction of methylene blue released $ 𝒎𝒓,𝑴𝑩% from 25, 35, and 50 wt% polymer
𝒊,𝑴𝑩

hydrogels. (n=3; ± standard error).

Figure 4.20. Methylene blue (~2 mM) in solution with ETTMP (left vial) and with PEGDA (right
vial). The methylene blue and ETTMP react, changing the color of the solution from blue to colorless
over time. This image was captured a few minutes after mixing, and the blue color is fading. At
longer times, the solution becomes completely colorless.
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The release of sulforhodamine 101 (SR 101) from the hydrogel appeared to be
complete after roughly 10 d, 14 d, and 18 d for the 25, 35, and 50 wt% hydrogels,
respectively, as can be seen by Figure 4.21. The release of the SR 101 was slower than
that of the chloroquine, as seen in Figure 4.22.

𝒎

Figure 4.21. Mass fraction of sulforhodamine 101 released $ 𝒎𝒓,𝑺𝑹% from 25, 35, and 50 wt% polymer
𝒊,𝑺𝑹

hydrogels. (n=3; ± standard error).
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𝐦

Figure 4.22. Mass fraction of chloroquine released $ 𝐦𝐫,𝐂 % from 25, 35, and 50 wt% polymer
𝐢,𝐂

hydrogels. (n=3; ± standard error).

The quick release of the chloroquine may be due to the smaller size of the
chloroquine, compared to the sulforhodamine 101, but the extent of crosslinking and
conversion of the ETTMP and PEGDA may have been lower in the chloroquine gel, due
to the longer cure time seen for these gels, observed by tilting the vial of hydrogel
solution, as well as with rheology.
Some drug mass fractions released had values greater than one, which should not
occur, but due to evaporation of the PBS, it is possible for the mass released to be
calculated slightly higher than it actually is. Other discrepancies are likely due to
inconsistencies or noise in the UV-Vis measurements. However, with methylene blue,
reaction with ETTMP likely accounts for the low release fractions.
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Sulforhodamine 101 (SR 101) was loaded (at 0.1 wt%) in a hydrogel that was also
loaded with 0.05 wt% chloroquine to see if the SR 101 released more quickly. There was
an increase seen in the release over 48 h, as seen in Figure 4.23, which may suggest a
lower crosslink density and larger mesh size brought about by incomplete crosslinking of
the ETTMP and PEGDA due to the presence of the chloroquine. There may be some
other effect due to the presence of the chloroquine in addition to the SR 101, so it cannot
be known for sure why this increase in release is seen, but it is hypothesized that the
chloroquine has an effect on the curing of the gel.

𝒎𝒓,𝑺𝑹

Figure 4.23. Mass fraction of sulforhodamine 101 released $

𝒎𝒊,𝑺𝑹

% from 35 wt% hydrogel containing

0.05 wt% chloroquine compared to release from 35 wt% hydrogel containing only 0.1 wt%
sulforhodamine 101. (n=3; ± standard error).
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4.5 Degradation Studies
To determine the amount of degradation that had taken place in the hydrogels,
while showing the effects of swelling and water expulsion, the mass of hydrated hydrogel
at each time point, 𝑚',U , was divided by the initial hydrated mass of the hydrogel, 𝑚#,U , to
)

obtain the fraction of hydrated hydrogel mass remaining, )3,4 , which is plotted against
1,4

time in Figure 4.24.

𝒎

Figure 4.24. Hydrated hydrogel mass fraction remaining $𝒎𝒕,𝒉% of 25, 35, and 50 wt% gels (n = 6 for
𝒊,𝒉

12, 15, and 18 day samples for 25 and 35 wt%; n = 3 for all other samples; ± standard error).

At 37 °C and a pH of 7.4, the 25 and 35 wt% gels initially expel water within 24
hours but remain at a steady weight for roughly 10 d. The 50 wt% gel immediately begins
to swell, and continues to swell for the first few weeks. After 10 d, large variations in the
physical characteristics of the remaining 25 and 35 wt% gels were seen. While a
particular hydrogel sample at a given time point may have been in tablet form and able to
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be picked up with tweezers while retaining its shape, other samples showed little
structural integrity or were flaky.
The 25 and 35 wt% hydrogels showed similar results, with almost complete
degradation after 3 weeks. The time frame from 12 to 15 d showed the most
inconsistency between samples, with some gels sampled at these time points still in tablet
form, and others with no structural integrity left. While not consistent among samples,
this demonstrates that the most dramatic degradation appears to take place in this time.
These two compositions also show consistency in mass before the 12 d mark, after initial
expulsion of water over the first 24 h. The degradation can be seen in Figure 4.24, along
with the data for the 50 wt% hydrogels.
The 50 wt% hydrogel swells to roughly 130% of its original mass in the first 24 h,
and continues to swell until signs of degradation, such as increased stickiness or flakiness
of the remaining hydrogel, begin to appear. The samples within each time point appear to
be consistent until 3 weeks, where large variation is seen, with some gels still in tablet
form, and others showing more significant signs of degradation. After 4 weeks, the gels
show significant signs of degradation, showing that the most dramatic degradation occurs
between 3 and 4 weeks.
An empirical model was developed for predicting the hydrated mass remaining.
Using the cftool on MATLAB, a complementary error function was fit to the data in the
form,
𝑚',U
= 𝑎 ∗ 𝑒𝑟𝑓𝑐(𝑡𝑖𝑚𝑒 − 𝑏) + 𝑐
𝑚#,U

(4.3)
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To minimize the number of parameters, c was set to 0.15, since this yielded a
proper fit with all three sets, and each composition levelled off to a mass fraction of
roughly 0.15 upon completion of the experiments. The actual values for 𝑎 , 𝑏, and 𝑐 from
the individual fits to the data for the 25, 35, and 50 wt% gels can be seen in Table 4.4.
These initial fits are referred to as the data fits. Using the values obtained from these
three compositions, the parameters a and b were shown to vary mostly linearly with
composition, with the following equations:
𝑎 = 0.011241 ∗ 𝑤𝑡%

(4.4)

𝑏 = 0.4976 ∗ 𝑤𝑡%

(4.5)

Table 4.4. Parameters from initial fits to degradation data of 25, 35, and 50 wt% hydrogels.

Polymer Wt%
25
35
50

a
0.2684
0.3744
0.5817

b
12
14.29
27.29

c
0.15
0.15
0.15

Using the calculated values for these parameters, the change in the hydrated mass
remaining with time was plotted for various compositions, from 20 to 75 wt%, as seen in
Figure 4.25.
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𝒎

Figure 4.25. Degradation model showing fraction hydrated hydrogel mass remaining $𝒎𝒕,𝒉% for
hydrogels of varying polymer mass fraction.

𝒊,𝒉

To compare the data, as well as the initial data fits, and the fits from using the
calculated a and b parameters, each was plotted for the 25, 35, and 50 wt% gels, as seen
in Figure 4.26. The residuals from the data and model fits can be seen in Figure 4.27. The
25 wt% data and fits all agree well, whereas the 35 and 50 wt% data and model fits show
some discrepancies. The 35 wt% model fit overshoots the onset of the more dramatic
degradation, whereas that for the 50 wt% gel appears to show this beginning sooner than
seen in the experiments. The hydrogels showed the most variation in this range for gels of
the same composition, so accurate measures of when exactly the largest amount of
degradation occurs is difficult to account for and can account for some of the
discrepancies. Although this model provides insight into the time frame of degradation
and swelling within the hydrogels, more work needs to be done, to determine the
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meaning of the parameters used in the fits, and if this model is useful in compositions
beyond these three.

𝒎

Figure 4.26. Comparison of data and fits for fraction of hydrated hydrogel mass remaining $𝒎𝒕,𝒉% for
𝒊,𝒉

25, 35, and 50 wt% hydrogels. The data fit refers to the initial fit performed for each set of data to
determine the relation between the parameters, a and b, and the polymer wt%. The model fit uses
the a and b values calculated from this relationship for each wt%.
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Figure 4.27. Deviation of degradation data from model fits for 25, 35, and 50 wt% gels.

Following lyophilization of the samples at each time point, the amount of polymer
remaining as degradation proceeded could be determined. To determine the degradation
within the hydrogel, without accounting for swelling, the dry hydrogel mass (composed
of polymer only) after lyophilization, 𝑚',E , was divided by the initial mass of polymer
)

within the gel, 𝑚#,E , to obtain the dry mass, or polymer mass, fraction remaining, )3,5 ,
1,5

which is plotted against time in Figure 4.28. The initial dry mass of the hydrogel is not
found via lyophilization but is calculated from the initial hydrated mass of the hydrogel
tablet and the known polymer wt%.
The fraction of polymer mass does not, or at least should not, be greater than 1 at
any point, since the only component that is able to increase within the gel during
degradation is water. By looking at just the polymer mass, each composition starts out
around 1 and approaches 0 toward the end of the study. The dry masses do not reflect the
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swelling in each gel, but the effect of swelling and deswelling can be seen with the delay
in the degradation times due to higher degrees of swelling.

𝒎𝒕,𝒅

Figure 4.28. Polymer mass remaining $

𝒎𝒊,𝒅

% in degrading 25, 35, and 50 wt% hydrogels (n = 6 for 12,

15, and 18 day samples for 25 and 35 wt%; n = 3 for all other samples; ± standard error).

Additionally, the fraction of water in the gels at each time can be determined from
knowing the wet and dry masses of the hydrogels at each time and is shown in Figure
4.29. Interestingly, the trend of water present in the hydrogel as time progresses is similar
for each composition. The initial change in the fraction of water, from 0 days to 1 day,
shows whether a composition is above, below, or at, equilibrium water content. The drop
in water concentration for the 25 wt% gel demonstrates a gel above the equilibrium water
content, whereas the increase in water seen for the 50 wt% gel demonstrates that this
composition is below the equilibrium water content. There is not much of a change in the
35 wt% gel, which suggests that this composition is near equilibrium swelling at 37 °C.
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It also makes sense that the fraction of water in the 25 wt% gel is always higher
than the 35 and 50 wt% gels, with the 50 wt% gels showing the least amount of water of
the three compositions throughout the duration of the experiment. Due to a higher
concentration of the polymers in the initial gel mixture for the 50 wt% gels, more
crosslinking likely occurs, leading to less swelling.

𝒎

Figure 4.29. Mass fraction of water in hydrogels $ 𝒎𝒘 % over time, in degrading 25, 35, and 50 wt%
𝒈

hydrogels (n = 6 for 12, 15, and 18 day samples for 25 and 35 wt%; n = 3 for all other samples;
± standard error).

4.6 Degradation and Release
To determine the effects of the model drugs on the degradation of the hydrogels,
hydrogels were prepared in the same way as described in the release studies, with the
same loading concentrations, for methylene blue (MB), sulforhodamine 101 (SR 101),
and chloroquine. Hydrogels of 35 wt% polymer were used. The wet mass and the dry
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mass of the polymer (with remaining drug) were obtained at 4 time points. Since each
sample needed to be removed from the PBS at its respective time point, only one sample
of PBS, at the respective time point, was taken for each sample.

𝒎

Figure 4.30. Fraction of chloroquine released $ 𝒎𝒓,𝑪 %, fraction of hydrated hydrogel mass remaining
𝒊,𝑪

𝒎𝒕,𝒉

𝒎𝒕,𝒅

𝒊,𝒉

𝒊,𝒅

$𝒎 %, and fraction of polymer mass remaining $𝒎 %, for samples of 35 wt% hydrogels loaded with
0.1 wt% chloroquine (n = 3; ± standard error; The dashed and dotted lines are for clarification and
are not fits).
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𝒎

Figure 4.31. Fraction of sulforhodamine 101 released $ 𝒎𝒓,𝑺𝑹%, fraction of hydrated hydrogel mass
𝒊,𝑺𝑹

𝒎𝒕,𝒉

𝒎

remaining $𝒎 %, and fraction of polymer mass remaining $𝒎𝒕,𝒅%, for samples of 35 wt% hydrogels
𝒊,𝒉

𝒊,𝒅

loaded with 0.1 wt% sulforhodamine 101 (n = 3; ± standard error; The dashed and dotted lines are
for clarification and are not fits).

For the gels loaded with chloroquine (Figure 4.30) and sulforhodamine 101
(SR 101) (Figure 4.31), complete degradation of the samples occurred by 21 days, similar
to the neat 35 wt% hydrogels, but swelling was observed, demonstrated by a fraction of
hydrated mass remaining over one, as opposed to the expulsion of water that was
observed for the neat 35 wt% hydrogels. Although these drugs are likely small enough to
be contained within the mesh without much disruption of the polymer network, it is likely
that there is some disruption of network formation, which may be a factor of the pH of
the solutions. SR 101 and chloroquine are slightly acidic in the buffer solution, which
leads to a longer gelation time and possibly a lower extent of crosslinking. This may lead
to the initial swelling seen for the gels, since this would allow for more swelling before

100
degradation begins. Slight discrepancies also exist, with some fractions going above one,
likely due to evaporation of the PBS, the remainder of water in lyophilized gels, and
small errors in masses from the balance.
The hydrogels loaded with methylene blue (MB) (Figure 4.32) degraded more
quickly than expected, with a very small hydrated and dry mass of hydrogel remaining at
just 14 days. There is, however, swelling observed after 14 days, similar to the gels
loaded with SR 101 and chloroquine. The release also approaches a fraction of one after
21 days, which is unexpected, considering the MB release studies never reached a
fractional release of one.

𝒎𝒓,𝑴𝑩

Figure 4.32. Fraction of methylene blue released $
𝒎

𝒎𝒊,𝑴𝑩

%, fraction of hydrated hydrogel mass
𝒎

remaining $𝒎𝒕,𝒉 %, and fraction of polymer mass remaining $𝒎𝒕,𝒅%, for samples of 35 wt% hydrogels
𝒊,𝒉

𝒊,𝒅

loaded with 0.067 wt% methylene blue (n = 3; ± standard error; The dashed and dotted lines are for
clarification and are not fits).

101
4.7 Gelation Time
The gelation time found for each of the gels was taken as the time where the
storage and loss moduli crossed, added onto the time between mixing of the hydrogel
solution and the start of the experiment. To understand the differences in the formed
network, the number density of elastically effective chains, which are representative of
the network forming chains and the extent of crosslinking, was also calculated, using the
following equation:3,4
|𝐺 % | = 𝑅𝑇𝑋

(4.6)

where 𝑋 is the number density of elastically effective chains, 𝑅 is the gas constant, 𝑇 is
the temperature, and 𝐺 5 is the complex modulus, calculated from the storage and loss
moduli as follows:
2

!
!
𝐺 5 = C𝐺 7 + 𝐺 77 D!

(4.7)

The values chosen for the storage and loss moduli for the number density of
elastically effective chains calculations were the final values (at 10 min) from the time
sweeps. The values found for the gelation times, as well as the calculated number
densities of elastically effective chains, are shown in Table 4.5. The first part of the
sample name denotes the conditions the ETTMP and PEGDA were subjected to before
hydrogel preparation (stored on ice (Ice) or at room temperature (RT)), while the second
part of the sample name refers to the temperature at which the experiments were
performed.
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Table 4.5. Gelation times and number densities of elastically effective chains (n = 3; ± standard
deviation) determined from rheology data. *Some of the samples appeared bubbly and showed signs
of water expulsion upon completion of experiment. **One sample cured before data acquisition.

Sample

Gelation Time (s)

Ice_25C
Ice_37C
RT_25C
RT_37C

139 ± 8
99 ± 22*
113 ± 4
< 80**

Number Density of
Elastically Effective Chains
(mol/m3)
28.10 ± 2
7.17 ± 0.5
18.56 ± 4
21.08 ± 10

There appears to be a difference in the cured gel, regarding the density of
elastically effective chains, with the Ice_25C and RT_37C samples showing the highest
values. This was surprising, since it was expected that the samples left on ice would have
reacted to a higher extent, due to the increased solubility of ETTMP in the PBS at lower
temperatures. A higher density of elastically effective chains at 37 °C was also expected,
since the gels cure more quickly at higher temperatures, and this was expected to be
accompanied by a higher extent of crosslinking.
The samples cured on the Peltier plate at 37 °C cured more quickly than the
samples at 25 °C, as expected. These samples are more difficult to load onto the plate,
since they can begin to cure before the geometry can be lowered into place, and the
bubbles removed. The samples that were prepared from the ETTMP and PEGDA that
were kept on ice before addition of the PBS were also difficult to work with, due to the
higher viscosity of the mixture and difficulty of vortexing the solution of polymer and
PBS until homogenous. Because of this, the samples that were kept on ice and cured at
37 °C were prone to the most error, and some of the ETTMP and PEGDA mixture
appeared to have gotten stuck in the lid of the vials for these samples, meaning the final
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hydrogel mixture may not have been quite at 35 wt% polymer. This is very likely, since
these gels, upon completion of the experiment, were bubbly and wet, as they had expelled
water, which is characteristic of the 25 wt% hydrogel (and gels with a higher water
content than equilibrium at this temperature) when run at this temperature.

4.8 Gelation Time of Drug Loaded Gels
The gelation times at room temperature (≈ 22°C) found for the gels loaded with
chloroquine, sulforhodamine 101 (SR 101), and methylene blue (MB) were found, as
well as the pH of each of the drug solutions in PBS, to determine what effect this may
have on the curing of the gels as well as degradation. The pH of 0.005 M solutions of
chloroquine, SR 101, and MB in PBS were 6.59, 6.81, and 7.20, respectively. These
solutions, when added to the gel mixtures, are added in addition to more PBS, so the pH
of the gel solutions differ from these values, but it can be used to understand the behavior
of the gels prepared with each of the drugs.
As can be seen by the gelation times in Table 4.6, the chloroquine gels took the
most time to cure, which is expected, considering this mixture is the most acidic, and the
crosslinking reaction occurs more quickly at higher pH values. The SR 101 loaded gels
cured in significantly less time than the chloroquine loaded gels, but still took longer than
the unloaded gels, which is likely due to the acidic nature of the SR 101 solution,
although it is not as acidic as the chloroquine solution. The MB loaded gels did not take
much longer than the unloaded gels to cure, and this is likely due to the fact that the pH
of this gel mixture was much closer to 7.4, similar to the unloaded gels. These gelation

104
times are not representative of the gelation times that would occur under physiological
conditions, however, and are merely for comparative purposes between the different
loaded hydrogels and an unloaded hydrogel. The number density of elastically effective
chains was also calculated and was not found to be significantly different for the different
drug loaded hydrogels.
Table 4.6. Gelation times and number densities of elastically effective chains, determined from
rheology data (n = 3; ± standard deviation).

Sample

Gelation Time (s)

35 wt% with 0.1 wt% Chloroquine
35 wt% with 0.1 wt% SR 101
35 wt% with 0.067 wt% MB
35 wt%

541 ± 25
195 ± 3
124 ± 5
123 ± 8

Number Density
of Elastically
Effective Chains
(mol/m3)
10.4 ± 2.2
14.2 ± 3.6
11.0 ± 5.3
8.7 ± 4.5

4.9 Swelling Studies
The swelling studies performed on the hydrogels of compositions 20, 25, 30, 35,
37.5, 40, and 50 wt% polymer demonstrated that the equilibrium swelling changes with
temperature. The compositions that remain at a mass fraction of one after equilibration
are assumed to be at the equilibrium swelling composition. As can be seen in Figure 4.33,
the equilibrium concentration is roughly 37.5 wt% at 37 °C, 25 wt% at 30 °C, and some
composition less than 20 wt% at 25 °C. The gels that are at a mass fraction of less than
one expel water at that given temperature, whereas the gels with fractions that are greater
than one absorb water and swell at that temperature. There is an increase in swelling with
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composition at 25 and 30 °C, but at 37 °C, the 20 wt% gel does not expel as much water
as the 25 wt% gel. This may be due to differences in the extent of crosslinking. The
20 wt% hydrogel may not be as crosslinked as the higher wt% gels, and therefore may
not have as tight of a mesh when water is expelled, causing the balance between the
swelling, from a looser mesh structure, and expulsion of water, from the elevated
temperature, to not fall in line with the other hydrogels.

Figure 4.33. Fraction of initial mass of hydrated hydrogels present after 24 h in PBS at 25, 30, and
37 °C. (n=3; vertical error bars represent ± standard error; horizontal error bars extend to average
wt% obtained from lyophilized gel masses; dotted line indicates EWC).

Once lyophilized, the exact amount of water in each of the gels after swelling for
24 hours could be calculated, since the polymer mass could be known. At 25 °C, the
fraction of polymer mass remaining is relatively consistent among all compositions
(Figure 4.34). This should technically be at one, since no degradation is assumed to have
occurred at this point, but this is not the case. There is the possibility of unreacted
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polymer diffusing from the gel, leading to a lower polymer mass than initially present.
Additionally, if not all of the water was removed, the mass fraction could be higher than
one, since not all of it is from the polymer. Small deviations from one are expected,
though, as a result of uncertainty in the readings from the balance. At 25 °C, the fraction
of water in the gels is relatively consistent, with values close to 0.8.

𝒎

𝒎

Figure 4.34. Fraction polymer mass remaining $𝒎𝒕,𝒅 % and water mass fraction $𝒎𝒘% in hydrogels of
𝒊,𝒅

𝒈

varying polymer mass fraction at 25 °C after 24 h (n = 3; ± standard error).

At 30 °C (Figure 4.35) the fraction of remaining polymer mass was also around
one, with some deviations that likely occurred under similar circumstances as the 25 °C
gels. The 20 wt% gel, however, showed the most deviation, ending up at a fraction of
polymer mass of 0.8, which is much lower than expected. The 20 wt% gel is likely not
crosslinked to the same extent as the higher wt% gels, so it is expected that this would
have the lowest polymer mass remaining, due to the possible diffusion of unreacted
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polymer from the hydrogel, but this does not explain the fluctuations in the other wt%
hydrogels seen. The fraction of water is also much different for the gels at 30 °C than at
25 °C, with a decrease from 0.8 to 0.65 with increasing polymer mass fraction. This may
be due to continued crosslinking and curing at 30 °C, once the gels were placed in the
PBS and into the oven at this temperature, that did not occur at 25 °C. This would lead to
a denser network that would swell less, and it is likely also the case as the polymer mass
fraction increases that the density of elastically effective chains, and extent of
crosslinking is higher.

Figure 4.35. Fraction polymer mass remaining $

𝒎𝒕,𝒅
𝒎𝒊,𝒅

𝒎𝒘

% and water mass fraction $

𝒎𝒈

% in hydrogels of

varying polymer mass fraction at 30 °C after 24 h (n = 3; ± standard error).

The fraction of the polymer mass remaining of the hydrogels at 37 °C (Figure
4.36) shows an interesting trend similar to the gels at 30 °C, with many of the gels
showing a fraction of polymer mass of less than one. These fluctuations are more
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dramatic and may occur because of the phase behavior of ETTMP at 37 °C, which needs
to be investigated further. The fraction of water in the gels is also similar to that seen at
30 °C. This may also be due to the increased crosslinking from allowing the gels to cure
in the oven at an elevated temperature.

𝒎

𝒎

Figure 4.36. Fraction polymer mass remaining $𝒎𝒕,𝒅% and water mass fraction $𝒎𝒘% in hydrogels of
𝒊,𝒅

𝒈

varying polymer mass fraction at 37 °C after 24 h (n = 3; ± standard error).
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5. Conclusions
From this research, we were able to determine the relative fractions of free and
bound water within ETTMP/PEGDA hydrogels and correlate this with degradation and
diffusion behavior of these hydrogels. An increase in the number of water molecules
bound to the polymer chains within the hydrogels was observed via DSC and NMR
measurements with increasing water concentration within the gels. This demonstrates the
effect of swelling on the types of water present in each composition of gel, as well as the
behavior of each type of water, with increasing water content leading to an increase in
both free water and bound water. With swelling and increasing water content, there is an
initial increase in bound water, which binds to the polar regions of the polymer chains,
expands the network, and allows free water to populate the free volume within the
hydrogel.
The hydrogel swelling behavior was found to change with temperature, with some
compositions of gel expelling water, and other compositions absorbing more water and
swelling to a significant extent, depending on the equilibrium water content at each
temperature. Combined with the information on the increasing diffusion coefficients of
water with increasing water content within the hydrogels, this provides insight into the
mobility of water within the hydrogels of different polymer mass fractions, which was
found to cause differences in the hydrolytic degradation of, as well as the diffusion of
model drugs from, the hydrogels.
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An empirical model was fit to the hydrated mass fractions remaining of the
eroding hydrogels. The significance of the parameters within these fits still needs to be
determined but appear to be able to predict the initial amount of swelling of each
composition of gel, as well as the time that is needed for each composition to degrade and
erode to the extent that the hydrogel tablet no longer holds its shape and loses most of its
mechanical integrity. This model was created with the data from 25, 35, and 50 wt% gels,
and was fairly accurate in calculating the eroded mass fractions over time for these
compositions. Once more degradation data from other compositions of hydrogel is
collected, the effectiveness of the model at predicting this behavior can be verified. The
potential then exists for this to be used as a means to calculate which composition of
hydrogel will be best for a given drug delivery application.
The release profiles of methylene blue, sulforhodamine 101, and chloroquine
were obtained for three hydrogel compositions. A slightly faster release of drug was
observed for the 25 and 35 wt% gels, that expel water initially at 37 °C, than was
observed for the 50 wt% gel that swells. The release profiles of the model drugs show an
initial, fast release of the drug, likely diffusion driven, since significant erosion should
not have occurred at this point. This is followed by a slower, sustained release, occurring
in the same time frame as the erosion of the hydrogel. The methylene blue was not
completely released from any composition, likely due to reaction of methylene blue with
the thiol groups of ETTMP. This raises questions regarding the reactivity of ETTMP and
the possibility of reaction with drug molecules loaded in situ, leading to incomplete
crosslinking of the gel. The gelation time was found to increase with increasing pH of the
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drug solutions, demonstrating that the properties of the drugs themselves may lead to
differences in the network of the hydrogels. The simultaneous processes of hydrogel
swelling and degradation, and drug release complicate the extraction of diffusion
information from the change in remaining mass of polymer and drug over time, so a
model that incorporates these coincident processes would be helpful to predict and
choose a hydrogel composition for a desired drug release rate and device lifetime.
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6. Future Work
A next logical step for this project would be to extend these techniques of
characterizing water behavior, degradation, and diffusion to other injectable hydrogel
systems to determine if this can be an effective screening method for drug delivery
candidates. The CMC/DAPEG hydrogel has been reported by Huang and Jiang, and
should be explored using these techniques, as well as the combinations of
ETTMP/DAPEG and CMC/PEGDA.1 The latter two systems need to be developed
further to find the best method of synthesis and most effective ratios to be able to form a
gel that cures in a reasonable amount of time with desired properties. Once this is
determined, the NMR, DSC, and degradation and diffusion experiments should be
performed on them, to compare to the ETTMP/PEGDA gels.
One issue that comes up frequently when working with the ETTMP/PEGDA gels
is the solubility of ETTMP. Some gels appear clear when at temperatures higher than 25
°C, while others appear opaque when raised above 25 °C, and even some while at 25 °C.
Slight variations in temperature while preparing these gels can account for this, and it is
difficult to avoid this variation. Understanding the phase behavior of ETTMP at relevant
concentrations at relevant temperatures is crucial to understanding how to avoid these
issues. Studies involving UV-Vis to measure the absorbance of ETTMP in solution are
necessary to determine at what concentrations ETTMP is stable (solution is clear) and at
what concentrations it is not (solution is opaque).

114
Only three compositions of the ETTMP/PEGDA gels were used for degradation
and diffusion studies, and it would be interesting to determine the behavior of other
compositions. These three compositions represent gels below and above equilibrium
water content at 37 °C, but a gel at equilibrium water content, as well as more that are
below this value (greater than 37.5 wt% polymer) would offer more insight into the effect
that swelling has on the degradation process.
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Appendix A. Model
*Adapted from final report for CHEG 685: Topics in Transport Theory
Modeling Hydrolysis and Diffusion of Degradation Products in a Hydrogel
Abstract
Many crosslinked polymer networks degrade via hydrolysis of ester bonds along
the polymer chains. This degradation process results in polymer species of decreasing
size, until a small enough size is reached, such that the polymer species can diffuse
through the crosslinked mesh and into the surrounding media. The goal of this project
was to model this phenomenon, by studying diffusion profiles of the various species
throughout the network, and the effects of various parameters, including rate constants
and diffusion coefficients, relative to each other. Using the PDEPE function and a finite
difference method in MATLAB, to solve the resulting coupled partial differential
equations, profiles were obtained for a system that relies on the concentration of water,
and for one that does not.
The project was approached in two phases, with the first being an analysis of a
hydrogel system that initially contained no water, and into which water diffused, before
degradation began. The system was examined using PDEPE, and the diffusion profiles of
the polymer species, as well as water, were examined. By changing the parameters
related to the hydrolysis rate constants of the various sized polymers, the concentration
profiles could be varied.
The second phase incorporated the use of a finite difference method, in addition to
PDEPE, to analyze the system. The system in which water diffused into the hydrogel was
examined again, as well as a system which was saturated with water from the beginning.
Removing the water dependence also removed any concentration gradient in the polymer
species, except for the smallest, diffusing species. The values of the parameters assigned
to the systems were varied using the finite difference approach, to analyze the effect of
each on the concentrations of the various species. The effect of each was clearly shown in
the solutions, showing that this model could be tailored to a variety of systems.
Introduction
Hydrogels are hydrophilic, three-dimensional networks of polymers that are a
promising material for drug delivery, due to their biocompatibility, flexibility and
softness, and high water content.1,2 Drugs can be released from a hydrogel simply via
diffusion from the network, or by being released from the hydrogel network as it swells
or degrades. It is of importance to understand the behavior, particularly degradation, of a
particular hydrogel, to understand how it will behave when loaded with drugs and
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subjected to physiological conditions. Degradation of a hydrogel via hydrolysis is the
emphasis of this project.
To determine degradation of the hydrogel, the erosion of the gel can be studied.
Bulk erosion and surface erosion are the two types of erosion that can occur, and the rates
of water diffusion into the hydrogel and backbone cleavage determine which type will
occur.3 In bulk erosion, hydrolysis occurs homogenously throughout the entire network,
and this often arises when the diffusion of water into the hydrogel is faster than the
cleavage of the backbone. Alternatively, when the backbone degrades much faster than
water diffuses into the hydrogel, surface erosion occurs, which takes place mainly at the
surface of the hydrogel.3 It is important to characterize the degradation of hydrogels, as
the release of drugs depends on if and how the hydrogel degrades, as well as the time
scale over which it occurs. Hydrogels that degrade within a relevant window of time are
also favorable, since additional surgery to recover the hydrogel, after it has served its
purpose, is not required.4
To keep the project within the scope of the time available for the course, the
effects of surface erosion were ignored. Although the degradation occurred at different
rates within the bulk of the gel, the degradation modeled here more closely resembled
bulk erosion. The hydrolysis reactions, as well as the diffusion of a small hydrolysis
product are coupled to model the mass transfer that occurs in and out of the hydrogel
network. Where appropriate, the possibility of moving boundaries was assessed, as
degradation occurred to a point where an outer layer of the hydrogel eroded.
Background
The system that this project is inspired by is a microfluidic device, consisting of
hydrogel, surrounding a central microchannel, as shown in Figure 1. Aqueous solution is
flowed through the channel, to introduce fresh solution, that is free of any diffusing
species, at the inlet. The change in the channel dimensions is measured, as the hydrogel
swells or erodes. In this system, a concentration gradient would be set up in the x and y
directions, and there are moving boundaries. To keep the project within the scopes of the
course, this model is simplified to a one-dimensional diffusion problem.

y

Figure 1. Schematic of microfluidic device.
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The set-up of the system to be modeled is represented in Figure 2. It consists of a
hydrogel slab in an aqueous fluid, that is assumed to be an infinite sink for species 0. The
fluid is assumed to be well stirred or to have a high mass transfer rate for species 0. The
hydrogel is only exposed to the fluid on one side, at y = H. Diffusion is assumed to be
only in the y direction, and there are assumed to be no concentration gradients in the x or
z directions.

Figure 2. Schematic of hydrogel system to be modeled.
Since it is a multicomponent system, it is important to clearly outline the species
present within the system before deriving any equations. It will be assumed that the
largest polymer chain that is present undergoes subsequent reactions to ultimately form a
small enough polymer species that can diffuse through and out of the gel (Figure 3). This
large species is defined as species 4. It reacts to form species 3, that then undergoes a
reaction to form species 2, and then species 1. These four species remain in place within
the gel, since they are assumed to be too large to diffuse through the gel mesh. Species 1
undergoes one last reaction to form species 0, which is small enough to diffuse through
the gel. Based on this, and the fact that there is no convection, any change in
concentration of species 1 through 4, arises only from generation terms. It is produced
when the species one size above it, so to speak, breaks down, and it is consumed to form
the species one size below it. Species 0, however, is produced from the hydrolysis of
species 1, but is also capable of diffusion.
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Figure 3. Definition of species present in the hydrogel; The arrows indicate which
species can diffuse.
One other important species to note is water. Each reaction is a hydrolysis
reaction and is therefore dependent on the concentration of water present within the gel.
And although water is consumed in each reaction, and should therefore have a series of
generation terms describing its change in concentration, it is assumed that the amount of
water used in each reaction is small enough and the concentration of water is high
enough, that there is not much of a change in the concentration from generation terms.
Water, however, is capable of diffusing throughout the gel, and therefore is represented
by a diffusion term.
Two versions of this system were modeled. The first, System 1, more closely
resembled a hydrogel, and it was assumed that this network was already saturated with
water, such that the water concentration would remain constant. The other, System 2, was
a polymer network, initially free of water, such that the concentration of water within the
gel is dependent on the diffusion of water throughout the gel. Therefore, in this system,
reactions are dependent on the changing concentration of water. System 2 will be
described first, since System 1 can easily be described by simplifying the derivations of
System 2.
The system initially free of water, System 2, was modeled after that of
Domanskyi et al.5 In their system, a dry, crosslinked polymer was placed into an aqueous
solution, such that there was initially no water in the system. Simplification of the
Navier-Stokes-Fick equation for each species yields the following set of coupled partial
differential equations, also similar to those of Domanskyi et al.:5
𝜕𝑐V (𝑦, 𝑡)
= −𝑘V 𝑐V 𝑐:
𝜕𝑡

(1)

𝜕𝑐# (𝑦, 𝑡)
= 𝑘#W2 𝑐#W2 𝑐: − 𝑘# 𝑐# 𝑐:
𝜕𝑡

(2)
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𝜕𝑐5 (𝑦, 𝑡)
𝜕 ! 𝑐5
= 𝑘2 𝑐2 𝑐: + 𝐷5
𝜕𝑡
𝜕𝑦 !

(3)

𝜕𝑐: (𝑦, 𝑡)
𝜕 ! 𝑐:
= 𝐷:
𝜕𝑡
𝜕𝑦 !

(4)

𝑖 = 1, 2, 3, 4
Here, 𝑘# is the rate constant for the hydrolysis reaction of species 𝑖, 𝑢# is the
concentration of species 𝑖, 𝐷5 is the diffusion coefficient of species 0, and 𝐷: is the
diffusion coefficient of water. More detailed derivations of the equations and variables
for System 2 can be found in Appendix A.3.
Scaling the equations to dimensionless form yields the following scaled variables.
These variables are the diffusion time, length scale, and a mobility comparison, as well as
a parameter, 𝜑 , that relates the rate constants to the length and diffusion coefficient of
water. The scaled variables are as follows:
𝐷: 𝑡
𝐻!

(5)

𝑧=

𝑦
𝐻

(6)

𝛾=

𝐷5
𝐷:

(7)

𝜏=

𝜑#! = 𝑘#

𝐻!
𝐷:

(8)

Since the gel is initially composed of only species 4, the scaled concentration, 𝑢# ,
is scaled to the initial concentration of species 4, via the following relation:
𝑢# =

𝑐#
𝑐V5

(9)

The resulting dimensionless set of partial differential equations is as follows:
𝜕𝑢V
= −𝜑V! 𝑢V 𝑢:
𝜕𝜏

(10)

𝜕𝑢#
!
= 𝜑#W2
𝑢#W2 𝑢: − 𝜑#! 𝑢# 𝑢:
𝜕𝜏

(11)
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𝜕𝑢5
𝜕 ! 𝑢5
!
= 𝜑2 𝑢2 𝑢: + 𝛾
𝜕𝜏
𝜕𝑧 !

(12)

𝜕𝑢:
𝜕 ! 𝑢:
=
𝜕𝜏
𝜕𝑧 !

(13)

𝑖 = 1, 2, 3, 4
The system is initially dry, and has not begun degradation from the largest
species, 4, leading to the following initial conditions:
𝑢V (𝑧, 0) = 1

(14)

𝑢4 (𝑧, 0) = 0

(15)

𝑢! (𝑧, 0) = 0

(16)

𝑢2 (𝑧, 0) = 0

(17)

𝑢5 (𝑧, 0) = 0

(18)

𝑢: (𝑧, 0) = 0

(19)

At z = 0 (y = 0), the hydrogel is in contact with an impermeable boundary, such
that none of the species can diffuse across it. This leads to the following boundary
conditions:
𝜕𝑢: (0, 𝜏)
= 0
𝜕𝑧

(20)

𝜕𝑢# (0, 𝜏)
= 0
𝜕𝑧

(21)

𝑖 = 0, 1, 2, 3, 4
At z = 1 (y = H), the hydrogel is in contact with the fluid, which effectively has
none of species 0 in it. Since there is no diffusion of species 1 through 4 at any point in
the gel, the following boundary conditions arise:
𝜕𝑢# (1, 𝜏)
= 0
𝜕𝑧
𝑖 = 1, 2, 3, 4

(22)
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Since it is assumed that the mass transfer of species 0 in the fluid is much greater
than the diffusion in the gel, the concentration of species 0 is effectively zero at the
boundary between the hydrogel and the fluid. It is also assumed that the gel is saturated
with water at this boundary. The remaining boundary conditions for species 0 and water
are then:
𝑢5 (1, 𝜏 ) = 0

(23)

𝑢: (1, 𝜏 ) = 1

(24)

To be able to have the initial conditions, regarding water, be more realistic in
terms of a hydrogel, where there is water initially present, the gel was allowed to start out
saturated with water. These conditions are represented in System 1. Even though there is
initially some swelling observed in a real hydrogel system, due to diffusion of more water
into the network, for the model, it was assumed that the water concentration was already
at the saturation point, and that it would not change due to reaction or diffusion. To
account for the dependence of water concentration on the reaction rates, this saturated
water concentration, which is not explicitly defined here, was absorbed into the rate
constants for each respective reaction rate, thereby making each hydrolysis reaction a
zero order reaction with respect to water, and yielding the following rate constants:
𝑘#7 = 𝑐: 𝑘#

(25)

Putting this into effect yields the following set of coupled linear partial
differential equations:
𝜕𝑐V (𝑦, 𝑡)
= −𝑘V7 𝑐V
𝜕𝑡

(26)

𝜕𝑐# (𝑦, 𝑡)
7
= 𝑘#W2
𝑐#W2 − 𝑘#7 𝑐#
𝜕𝑡

(27)

𝜕𝑐5 (𝑦, 𝑡)
𝜕 ! 𝑐5
= 𝑘2 ′𝑐2 + 𝐷5
𝜕𝑡
𝜕𝑦 !

(28)

𝑖 = 1, 2, 3, 4
Since dependence on water has been removed, the scaled variables change,
yielding the following:
𝜏=

𝐷5 𝑡
𝐻!

(29)
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𝑧=

𝑦
𝐻

𝜑#! = 𝑘#7

𝐻!
𝐷5

(30)
(31)

Plugging these into the set of equations yields:
𝜕𝑢V
= −𝜑V! 𝑢V
𝜕𝜏

(32)

𝜕𝑢#
!
= 𝜑#W2
𝑢#W2 − 𝜑#! 𝑢#
𝜕𝜏

(33)

𝜕𝑢5
𝜕 ! 𝑢5
!
= 𝜑2 𝑢2 +
𝜕𝜏
𝜕𝑧 !

(34)

𝑖 = 1, 2, 3, 4
Similar to the initially dry hydrogel, the initial conditions for the saturated
hydrogel are as follows:
𝑢V (𝑧, 0) = 1

(35)

𝑢4 (𝑧, 0) = 0

(36)

𝑢! (𝑧, 0) = 0

(37)

𝑢2 (𝑧, 0) = 0

(38)

𝑢5 (𝑧, 0) = 0

(39)

Water is left out of these initial conditions because it is assumed that the
concentration of water throughout the gel is constant, since it is saturated with water. The
similar no flux conditions at the boundary at z = 0 hold for this system with:
𝜕𝑢# (0, 𝜏)
= 0
𝜕𝑧
𝑖 = 0, 1, 2, 3, 4

(40)
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Except for the water, the boundary conditions at z = 1, are the same as the system
with no water initially:
𝑢5 (1, 𝜏 ) = 0
𝜕𝑢# (1, 𝜏)
= 0
𝜕𝑧

(41)
(42)

𝑖 = 1, 2, 3, 4
Results and Discussion
The ultimate goal of using two separate numerical methods to solve the systems
of equations was to demonstrate the viability of each method and demonstrate that each
method could be used to model this system.
For the finite difference model of System 1, the following update equations are
used:
𝑢V (𝑧, 𝜏 + ∆𝜏) = (1 − 𝜑V! ∆𝜏)𝑢V (𝑧, 𝜏)

(43)

𝑢4 (𝑧, 𝜏 + ∆𝜏) = 𝜑V! ∆𝜏𝑢V (𝑧, 𝜏 ) + (1 − 𝜑4! ∆𝜏)𝑢4 (𝑧, 𝜏)

(44)

𝑢! (𝑧, 𝜏 + ∆𝜏) = 𝜑4! ∆𝜏𝑢4 (𝑧, 𝜏 ) + (1 − 𝜑!! ∆𝜏)𝑢! (𝑧, 𝜏)

(45)

𝑢2 (𝑧, 𝜏 + ∆𝜏) = 𝜑!! ∆𝜏𝑢! (𝑧, 𝜏) + (1 − 𝜑2! ∆𝜏)𝑢2 (𝑧, 𝜏)

(46)

𝑢5 (𝑧, 𝜏 + ∆𝜏) = 𝜑2! ∆𝜏𝑢2 (𝑧, 𝜏) +
+

∆𝜏
2∆𝜏
𝑢5 (𝑧 + ∆𝑧, 𝜏) + H1 − ! I 𝑢5 (𝑧, 𝜏)
!
∆𝑧
∆𝑧

Δ𝜏
𝑢 (𝑧 − Δ𝑧, 𝜏)
∆𝑧 ! 5

(47)

The following update equations are obtained for System 2:
𝑢V (𝑧, 𝜏 + ∆𝜏) = −𝜑V! ∆𝜏𝑢V (𝑧, 𝜏)𝑢: (𝑧, 𝜏) + 𝑢V (𝑧, 𝜏)

(48)

𝑢4 (𝑧, 𝜏 + ∆𝜏) = 𝜑V! ∆𝜏𝑢V (𝑧, 𝜏)𝑢: (𝑧, 𝜏) + 𝜑4! ∆𝜏𝑢4 (𝑧, 𝜏)𝑢: (𝑧, 𝜏) + 𝑢4 (𝑧, 𝜏)

(49)

𝑢! (𝑧, 𝜏 + ∆𝜏) = 𝜑4! ∆𝜏𝑢4 (𝑧, 𝜏)𝑢: (𝑧, 𝜏) + 𝜑!! ∆𝜏𝑢! (𝑧, 𝜏)𝑢: (𝑧, 𝜏) + 𝑢! (𝑧, 𝜏)

(50)
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𝑢2 (𝑧, 𝜏 + ∆𝜏) = 𝜑!! ∆𝜏𝑢! (𝑧, 𝜏)𝑢: (𝑧, 𝜏) + 𝜑2! ∆𝜏𝑢2 (𝑧, 𝜏)𝑢: (𝑧, 𝜏) + 𝑢2 (𝑧, 𝜏)

𝑢5 (𝑧, 𝜏 + ∆𝜏) = 𝜑2! ∆𝜏𝑢2 (𝑧, 𝜏)𝑢: (𝑧, 𝜏) + H1 −
+

𝑢: =

(51)

2𝛾Δ𝜏
𝛾Δ𝜏
𝑢 (𝑧 + Δ𝑧, 𝜏)
I 𝑢5 (𝑧, 𝜏) +
!
Δ𝑧
Δ𝑧 ! 5

𝛾Δ𝜏
𝑢 (𝑧 − Δ𝑧, 𝜏)
Δ𝑧 ! 5

∆𝜏
2Δ𝜏
Δ𝜏
𝑢: (𝑧 + ∆𝑧, 𝜏) + H1 − ! I + ! 𝑢: (𝑧 − Δ𝑧, 𝜏)
!
∆𝑧
Δ𝑧
Δ𝑧

(52)

(53)

The stability for the time step for System 2 was found by solving for Δ𝜏 in the
following equality, present as a constant in the update equation for 𝑢5 :
2𝛾∆𝜏
≤1
Δ𝑧 !

(54)

∆𝜏 ≤ 0.5𝛾∆𝑧 !

(55)

which gives:

It was found, however, that 𝛾 was not critical in this expression, and the solution
was stable for both System 1 and System 2, as long as the following inequality held:
∆𝜏 ≤ 0.5∆𝑧 !

(56)

It should be noted, though, that even smaller time steps produced smoother
curves. Removing 𝛾 from the inequality was necessary, not only for added convenience,
but because of its ability to cause instability, should a value greater than 1 be used, since
this will create larger time steps.
In order to create plots that would show useful concentration profiles for all
species present for reasonable 𝜏 values, 𝜑 values of 10 were chosen for each of the
species when System 2 was modeled, and a 𝛾 value of 0.5 was chosen. To keep the
reaction rates relatively consistent for System 1, which has a 𝛾 value of 1, 𝜑 values of 15
were chosen. These values are arbitrary, and were merely chosen to give clear, general
profiles of each species.
For the PDEPE solutions, it is useful to compare the concentration profiles of the
two systems side by side (Figure 4). The concentration of each species is plotted against
diffusion time at three locations, z = 0, z = 0.5, and z = 0.9. The concentrations right at
the boundary between the fluid and the gel were not plotted, since both the concentration
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of water and species 0 are a constant here. As can be seen by the plots from System 1, the
concentration of species 1, 2, 3, and 4 are the same at all locations, while the
concentration of species 0 varies with location, since it is able to diffuse. This is the most
striking difference between System 1 and System 2 regarding these results, since there
are clearly differences in the concentrations of all species at each z in System 2.
However, the general trend remains similar, with species 4 decreasing first, and the peak
of each subsequent species occurring at a slightly later time than that of the species above
it in size. These peaks do occur later in System 2 than in System 1, since the hydrolysis
reactions cannot immediately occur throughout the gel, and the diffusion of water limits
when this can occur. In System 2, the decrease in species 4 comes with the increase of
water in the gel. The portion of the gel furthest from the fluid, at z = 0, shows the latest
increase in species 0, 1, 2, and 3, since it takes the longest amount of time for water to
diffuse to this position.
The highest concentration of species 0 occurs at z = 0, and it does so later in time
than at the other locations. It is also worth noting that the profiles of species 0 for both
systems, at z = 0.9, begin to level off after an initial, sharp decline after reaching the
peak, and for System 2, there appears to be a slight increase again. Both profiles appear
to level off at diffusion times on the order of 10-1 to 1. This leveling off comes at the
same time as the decrease in concentration of species 0 shown at z = 0 and z = 0.5. It is
likely that this shows the net effect of species 0 diffusing to this point from further within
the gel, and the diffusion of species 0, produced at this point, toward z = 1.
The PDEPE MATLAB scripts for System 1 (SatGel.m and SatGelproblem.m) and
System 2 (WaterDepend.m and WaterDependproblem.m) can be found in Appendix A.2.
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Figure 4. Left: PDEPE solution for System 1 (𝜑# = 15, 𝛾 = 0.5); Right: PDEPE solution
for System 2 (𝜑# = 10, 𝛾 = 0.5).
Some plots generated using the finite difference solution for System 1 are shown
in Figure 5 (the MATLAB script, SatGelFD.m, for this system can be found in Appendix
A.2). The diffusion times are on the orders of magnitude of 10-3, 10-2, and 10-1,
respectively. The decrease in concentration of species 4 can begin immediately, since
water is already present throughout the entire gel. As the concentration of species 4
decreases, the concentrations of the smaller species begin to increase, until they have all
reacted to form species 0, which is the only species whose profile is not a horizontal line.
The latest time step shown below shows a profile for species 0 that likely would not exist,
since at this point, there is structurally no gel left, and this species is left to diffuse in the
fluid. These profiles, although they do not show much, demonstrate the fact that the
whole gel would degrade simultaneously, if water dependence is taken away.
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Figure 5. Finite Difference solutions of System 1.
All: 𝜑# = 15; 𝛾 = 0.5.
Using the finite difference approach for System 2 yields more interesting results
than for System 1 (The MATLAB script, WaterDependFD.m, for this System 2 can be
found in Appendix A.2). The concentration profiles, which show gradients for all species,
are represented well in Figure 6. These profiles are shown at diffusion times on the order
of magnitude of 10-3, 10-2, and 10-1, respectively. Hydrolysis begins near the surface,
since water must diffuse into the gel before the reactions can occur. This creates a
concentration gradient in water, that then causes the other gradients. The profiles
continue inward, toward z = 0, until water has penetrated the whole gel, allowing
hydrolysis at all points, although at different rates. The reactions will occur fastest toward
the surface, where the concentration of water remains the highest. Since each hydrolysis
reaction has the same rate constant in this case, the concentrations of the species remain
higher than those of the smaller species, at the smaller diffusion times. This makes sense,
since the larger species need to be formed before they can then degrade into the smaller
species. The plot shown at 𝜏 = 0.594530 is not accurate, since at this point, no gel
remains, and species 0 is just left to diffuse into the fluid. Even at times before this, there
will come a point where the concentration of the larger species will be so small that the
gel is no longer structurally a gel, and it will all have degraded completely. Additional
plots from this system at different diffusion times can be found in Appendix A.1.
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Figure 6. Finite Difference solutions of System 2.
All: 𝜑# = 10; 𝛾 = 0.5.
To understand the effects of varying the parameters, different 𝜑 and 𝛾 values
were used with System 2. To test the effects of varying 𝜑, the value for 𝛾 was left
constant at 0.5. To compare to the above profiles, the same diffusion times were used.
Four 𝜑 values were chosen, 10, 7, 5, and 1. First, these values were used in increasing
order for the respective 𝜑 values of species 1 through 4. This would indicate that the
hydrolysis of species 4 was the fastest reaction, and the hydrolysis of the remaining
species slowed as the species became smaller. The results are shown below in Figure 7.
The profiles take on the same shape as they previously did, where all reactions were
assumed to have the same rate constant, but it can be seen that the concentrations at 𝜏 =
0.059453 for species 3, 2, and 1 are higher in this system. Although the same amount of
species 4 should have degraded as previously, there is a higher concentration of species 3
here. This is because the reaction to form species 2 from species 3 is now slower. Species
2 and species 1, however, are also higher in concentration at this time, despite the slowed
hydrolysis of species 3. This is due to the slower reaction rates of these species as well,
and it explains why there is hardly any species 0 formed, yet. At 𝜏 = 0.59453, there is
still a substantial amount of species 1 left, with more species 0 beginning to form, and a
small amount of species 2 remaining. This is much different than the system showing
equal 𝜑 values of 10 for all species, where there was nothing left except for water and
species 0 at this point.
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Figure 7. Finite Difference solutions of System 2.
All: 𝜑2 = 1; 𝜑! = 5; 𝜑4 = 7; 𝜑V = 10; 𝛾 = 0.5.
To obtain information for a system where it is assumed that each subsequent
hydrolysis reaction occurs more quickly than the last, the 𝜑 values of 1, 5, 7, and 10 were
used for species 4, 3, 2, and 1, respectively. The results can be seen in Figure 8. It is clear
that the hydrolysis of species 4 is slow, with a large concentration still prevalent, even at
𝜏 = 0.59453. Since the reaction to form species 0 is the fastest, at 𝜏 = 0.59453 there is a
large amount of species 4 and a decent amount of species 0, although the concentrations
of species 1, 2, and 3 are relatively low. Since the hydrolysis reactions continually
increase in rate, species 1, 2, and 3 are consumed much more quickly than species 4,
leaving the system with mostly species 0 and species 4.
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FIGURE 8. Finite Difference solutions of System 2.
All: 𝜑2 = 10, 𝜑! = 7, 𝜑4 = 5, 𝜑V = 1, 𝛾 = 0.5.
The values of 𝛾 were varied and are shown below in Figure 9. Values of 0.1 and 1
were chosen, to give a full picture of the effect of the diffusion coefficient of the
diffusing species, relative to water. The results were plotted and are shown for a side by
side comparison with the results shown previously for a 𝛾 value of 0.5, at 𝜏 = 0.059453.
Changing this parameter only affects species 0, and the effect can clearly be seen. When
the diffusion coefficient is reduced to one tenth that of water, the concentration of species
0 remains high where it is produced, since it diffuses much more slowly than when it has
a diffusion coefficient half that of water (𝛾 = 0.5), or equal to that of water (𝛾 = 1). It is
likely that reality is closest to the 𝛾 = 0.1 scenario, and it is likely much lower, since the
polymer species, although much smaller than the larger polymers making up the network,
is still much larger than water and likely has a much smaller diffusion coefficient.
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FIGURE 9. Finite Difference solutions of System 2.
Left to Right: 𝛾 = 0.1; 𝛾 = 0.5; 𝛾 = 1.
All: 𝜑# = 10.
Conclusions
The PDEPE and finite difference solutions for both System 1 and System 2 gave
useful information regarding the concentration profiles of the various species throughout
the system and their evolution over time. For System 1, where the concentration of water
does not change with location or time, the only concentration gradient set up was with
species 0, and this was only due to the boundary condition at z = 1 for that species,
assuming a very large Biot number. When the decreasing integrity of the gel is taken into
account, with a disappearance of the larger polymer species, this would lead to a model
where the entire hydrogel disintegrates at the same time. A moving boundary, created by
a low enough concentration of species 4 at the boundary, is not possible in this setting,
with no concentration gradient.
For System 2, there are gradients in the concentrations for each species, since the
consumption and production of each species is dependent on the concentration of water at
that particular z value. And since the concentration of water changes, due to its diffusion
into and throughout the gel, these gradients can occur. This is necessary for surface
erosion to be modeled, since there is some critical value for the concentration of the
largest species at which there is no longer structurally a gel. At this point, that portion of
the gel is disintegrated, and the boundary moves in to the point where the gel still retains
its structural integrity.
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As was shown, the concentration profiles and properties of the system being
modeled can be altered dramatically by changing the parameters, 𝜑 and 𝛾. This allows
for the model to be adapted to a range of real hydrogel systems, if information is known
regarding the reaction rates and diffusion coefficients.
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Appendix A.1: Additional Plots
System 2 Finite Difference Solutions
𝜑# = 10
𝛾 = 0.5
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Appendix A.2: MATLAB scripts
SatGelFD.m – Applies finite difference approach to system saturated with water
(System 1)
%SatGelFD.m
clear
close all
home
% Define adjustable constants and parameters
% These parameters can be filled in, and each phi calculated
% or a value can be chosen for phi
%
%
%
%
%
%
%
%

H = ;
D0 = ;
Dw = ;
u40 = ;
k1 = ;
k2 = ;
k3 = ;
k4 = ;

%
%
%
%
%

phii^2
phi1 =
phi2 =
phi3 =
phi4 =

phi1
phi2
phi3
phi4

=
=
=
=

%
%
%
%

Height of gel
Diffusion Coefficient of Species 0
Diffusion Coefficient of Water
IC of Species 4 (Dimensional)

= (ki*u40*H^2)/Dw
sqrt((k1*u40*H^2)/Dw)
sqrt((k2*u40*H^2)/Dw)
sqrt((k3*u40*H^2)/Dw)
sqrt((k4*u40*H^2)/Dw)

15;
15;
15;
15;

zb = 0;
zt = 1;

% z value at bottom
% z value at top

Nz = 20;
Nt = 100;
is computed

% number of locations where concentration is computed
% number of time steps after t0 where concentration

% Vector of y locations
Dz = (zt - zb)/(Nz - 1);
z = [zb : Dz : zt]';

% spatial step size

% Time step
% For stability, Dt < or = 0.5*Dz^2
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Dt = 0.5*Dz^2;
t = Dt*Nt;
% Update equation coefficients
A
B
C
D
E
F

=
=
=
=
=
=

Dt/(Dz^2);
(1 - (2*A));
(phi4^2*Dt);
(phi3^2*Dt);
(phi2^2*Dt);
(phi1^2*Dt);

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

u4old
u3old
u2old
u1old
u0old

=
=
=
=
=

ones(1,Nz);
zeros(1,Nz);
zeros(1,Nz);
zeros(1,Nz);
zeros(1,Nz);

idx = 2:Nz-1;
idxplus = idx+1;
idxminus = idx-1;

for i = 1:Nt

u4new
u3new
u2new
u1new

=
=
=
=

(1-C)*u4old;
C*u4old + (1-D)*u3old;
D*u3old + (1-E)*u2old;
E*u2old + (1-F)*u1old;

% This is a vector
u0new(idx) = A*u0old(idxminus) + B*u0old(idx) + A*u0old(idxplus) +
F*u1old(idx);
% Boundary Conditions
u0new(1) = u0new(2);
u0new(Nz) = 0;

% zero derivative
% c0(1,t) = 0

% keep or do something; every so many steps want to keep or plot
% plot(z,u0old,z,u1old,z,u2old,z,u3old,z,u4old)
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u4old
u3old
u2old
u1old
u0old
%
%
%
%
%

=
=
=
=
=

u4new;
u3new;
u2new;
u1new;
u0new;

disp(u0new);
disp(u1new);
disp(u2new);
disp(u3new);
disp(u4new);

u0(i,:)
u1(i,:)
u2(i,:)
u3(i,:)
u4(i,:)

=
=
=
=
=

% displays what is in parentheses

u0new;
u1new;
u2new;
u3new;
u4new;

% u0, has Nt rows and however many columns of Nz
% plot z,u0 would plot over the times

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% For plotting at each time step
% pause(0.5);

% waits half second and does it again

% x = linspace(0,1);
% u4 = u4old;
% u3 = u3old;
% u2 = u2old;
% u1 = u1old;
% u0 = u0old;
% plot(z,u4,'r-',z,u3,'y-',z,u2,'b-',z,u1,'c-',z,u0,'g','LineWidth',2)
% title('Concentration')
% set(gca,'Color','[0.75 0.75 0.75]')
% hleg = legend('4','3','2','1','0');
% axis([0 1 0 1])

end
% For plotting at end time
% Change Nt to change t
u4
u3
u2
u1
u0

=
=
=
=
=

u4old;
u3old;
u2old;
u1old;
u0old;

plot(z,u4,'r-',z,u3,'y-',z,u2,'b-',z,u1,'c-',z,u0,'g','LineWidth',2)
title(['\tau =', num2str(t)],'FontSize',18);
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set(gca,'Color','[0.75 0.75 0.75]');
hleg = legend('4','3','2','1','0');
xlabel('z = y / H','FontSize',18);
ylabel('u_i = c_i / u_4_0','FontSize',18);
set(gca,'FontSize',16);
axis([0 1 0 1]);

A-24
WaterDependFD.m – Applies finite difference approach to system into which water
diffuses (System 2)
%WaterDependFD.m
clear
close all
home
% Define adjustable constants and parameters
%
%
%
%
%
%
%
%

H = ;
D0 = ;
Dw = ;
u40 = ;
k1 = ;
k2 = ;
k3 = ;
k4 = ;

%
%
%
%
%

phii^2
phi1 =
phi2 =
phi3 =
phi4 =

phi1
phi2
phi3
phi4

=
=
=
=

%
%
%
%

Height of gel
Diffusion Coefficient of Species 0
Diffusion Coefficient of Water
IC of Species 4 (Dimensional)

= (ki*u40*H^2)/Dw
sqrt((k1*u40*H^2)/Dw)
sqrt((k2*u40*H^2)/Dw)
sqrt((k3*u40*H^2)/Dw)
sqrt((k4*u40*H^2)/Dw)

1;
5;
7;
10;

% gamma = D0/Dw
% g = D0/Dw
g = 0.5;

% compares diffusivity of species 0 to water

zb = 0;
zt = 1;

% z value at bottom (y = H)
% z value at top (y = 0)

Nz = 30;
is computed
Nt = 1000;
concentration is computed

% number of locations where concentration
% number of time steps after t0 where

% Vector of y locations
Dz = (zt - zb)/(Nz - 1);
z = [zb : Dz : zt]';

% spatial step size

% Time step
% For stability, Dt < or = 0.5*Dz^2
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%Dt = 0.5*Dz^2;
Dt = 0.5*Dz^2;
t = Dt*Nt;
% Update equation coefficients
A = Dt/(Dz^2);
B = (1 - (2*g*A));
C = (phi4^2*Dt);
D = (phi3^2*Dt);
E = (phi2^2*Dt);
F = (phi1^2*Dt);
G = (1 - (2*A));
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% Initial Conditions
u4old
u3old
u2old
u1old
u0old
uwold

=
=
=
=
=
=

ones(1,Nz);
zeros(1,Nz);
zeros(1,Nz);
zeros(1,Nz);
zeros(1,Nz);
zeros(1,Nz);

idx = 2:Nz-1;
idxplus = idx+1;
idxminus = idx-1;
%plot(z,u0old)%,z,u1old,z,u2old,z,u3old,z,u4old)
%hold on

for i = 1:Nt
% Update equations for Species 1 through 4
% Generation only - no diffusion
u4new
u3new
u2new
u1new

=
=
=
=

-C*u4old.*uwold + u4old;
C*u4old.*uwold - (D)*u3old.*uwold + u3old;
D*u3old.*uwold - (E)*u2old.*uwold + u2old;
E*u2old.*uwold - (F)*u1old.*uwold + u1old;

% Update equation for Species 0
% This is a vector - same size on left as on right
% Diffusion and generation
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u0new(idx) = g*A*u0old(idxminus) + B*u0old(idx) +
g*A*u0old(idxplus) + F*u1old(idx).*uwold(idx);
u0new(1) = u0new(2);
u0new(Nz) = 0;

% zero derivative
% c0(1,t) = 0

% Update equation for Water
% Diffusion only - no generation
uwnew(idx) = A*uwold(idxminus) + G*uwold(idx) + A*uwold(idxplus);
uwnew(1) = uwnew(2);
uwnew(Nz) = 1;
% Stores unew as uold for next time step
u4old
u3old
u2old
u1old
u0old
uwold
%
%
%
%
%
%

=
=
=
=
=
=

u4new;
u3new;
u2new;
u1new;
u0new;
uwnew;

disp(u0new);
disp(u1new);
disp(u2new);
disp(u3new);
disp(u4new);
disp(uwnew);

% displays what is in parentheses

u0(i,:) = u0new; % u0, has Nt rows and however many columns of Nz,
plot z,u0 would plot over the times
u1(i,:) = u1new;
u2(i,:) = u2new;
u3(i,:) = u3new;
u4(i,:) = u4new;
uw(i,:) = uwnew;
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% For plotting at each time step
% pause(0.0005);
%
%
%
%
%
%

u4
u3
u2
u1
u0
uw

=
=
=
=
=
=

u4old;
u3old;
u2old;
u1old;
u0old;
uwold;
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% plot(z,u4,'r-',z,u3,'y-',z,u2,'b-',z,u1,'c-',z,u0,'g-',z,uw,'k','LineWidth',2)
% title('\tau = 0.14','FontSize',18);
% set(gca,'Color','[0.75 0.75 0.75]');
% hleg = legend('4','3','2','1','0','W');
% xlabel('z = y / H','FontSize',18);
% ylabel('u_i = c_i / u_4_0','FontSize',18);
% set(gca,'FontSize',16);
% axis([0 1 0 1]);
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% % Get a sum of the concentrations at a certain spot (the boundary)
% If the concentrations are below a certain point, move the nodes,
and
% the boundary recedes in
% us = u4 + u3 + u2 + u1
% plot(z,us)

end
u4 = u4old;
u3 = u3old;
u2 = u2old;
u1 = u1old;
u0 = u0old;
uw = uwold;
plot(z,u4,'r-',z,u3,'y-',z,u2,'b-',z,u1,'c-',z,u0,'g-',z,uw,'k','LineWidth',2)
title(['\tau =', num2str(t)],'FontSize',18);
set(gca,'Color','[0.75 0.75 0.75]');
hleg = legend('4','3','2','1','0','W');
xlabel('z = y / H','FontSize',18);
ylabel('u_i = c_i / u_4_0','FontSize',18);
set(gca,'FontSize',16);
axis([0 1 0 1]);
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WaterDepend.m – Sets up the equations and conditions to be used with PDEPE to solve
the system into which water diffuses (System 2)

function results = WaterDepend(y,t,opt,parameters)
%complete Solution to WaterDependproblem
%
% u = pr(y,t,opt,parameters)
%
% The parameters
%
%

phi = parameters.phi;
g = parameters.g;

% Include a parameter in the problem-definition functions
feqn = @(y,t,u,dudy)
fbc = @(yl,ul,yr,ur,t)
fic = @(y)

eqn(y,t,u,dudy,parameters);
bc(yl,ul,yr,ur,t,parameters);
ic(y);

u = pdepe(0,feqn,fic,fbc,y,t,opt);
% Collect computations into a single object
results.y
results.t
results.u
results.parameters
results.opt

=
=
=
=
=

y;
t;
u;
parameters;
opt;

end
% Sub-functions to define the problem
function [c,f,s] = eqn(y,t,u,dudy,parameters)
% u4, u3, u2, u1, u0, and uw in that order for u
% EQN Define the PDE for the problem
% phi^2 = k H^2 / Dw is a measure of the reaction rate relative to the
transport rate.
% g = D0/Dw
g = parameters.g;
phi = parameters.phi;

% Di/DA = [D4/Dw D03/Dw D2/Dw D1/Dw D0/Dw Dw/Dw]

u4 = u(1); u3 = u(2); u2 = u(3); u1 = u(4); u0 = u(5); uw = u(6);
%
4
3
2
1
0
W
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c = [
1
1
1
1
1
1
]'; %
f = [
g(1)*dudy(1)
g(2)*dudy(2)
g(3)*dudy(3)
g(4)*dudy(4)
g(5)*dudy(5)
g(6)*dudy(6)]'; % flux % Diffusivity times
gradient
s = [ -phi(1)^2*u4*uw
(phi(1)^2*u4*uw-phi(2)^2*u3*uw)
(phi(2)^2*u3*uw-phi(3)^2*u2*uw) (phi(3)^2*u2*uw-phi(4)^2*u1*uw)
phi(4)^2*u1*uw
0
]'; % Source
end

function [pl,ql,pr,qr] = bc(yl,ul,yr,ur,t,parameters)
%BC Boundary conditions for the problem.

% Left-hand boundary: y = 0
%
%
%
%
%
%
%
% 1 is left, and 0 is right
%
pl = [
ql = [

4
0
1

3
0
1

2
0
1

1
0
1

du_1(t,0)/dy
du_2(t,0)/dy
du_3(t,0)/dy
du_4(t,0)/dy
du_5(t,0)/dy
du_6(t,0)/dy

0
0
1

W
0
1

=
=
=
=
=
=

0
0
0
0
0
0

]';
]';

% Right-hand boundary: y = H
%
du_1(t,1)/dy = 0
%
du_2(t,1)/dy = 0
%
du_3(t,1)/dy = 0
%
du_4(t,1)/dy = 0
%
u_5(t,1) = 0
%
u_6(t,1) = 1
pr = [
0
0
0
0
ur(5)
(ur(6)-1)]';
% need
everything to be zero -> q is flux information; since ul(6) = 1, ul(6)
- 1 = 0
qr = [
1
1
1
1
0
0
]';
end
function uo = ic(y) %
%IC Initial condition for the problem.
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%
4
uo = [1
end

3
0

2
0

1
0

0
0

W
0]';
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WaterDependproblem.m – Solves the system outlined in WaterDepend.m
% WaterDependproblem
clear
close all
home
% Set the time and space meshes
y = linspace(0,1.0,101);
% y/L, uniform spacing % Mesh of 1000
points in space between 0 and 1
t = [0 ; logspace(-3,1,100)']; % scaled time Dw*t/H^2
% Logarhythmic spacing for time mesh
% Set accuracy control
opt = odeset('AbsTol',1e-4,'RelTol',1e-4);
% Smaller these are, harder they work
% Figure 1
% Pack the current suite of parameters up to pass in to the computation
Mfile
parameters.phi = input('phi = ');
% k1*H^2/Dw
% When prompted to input phi values input as
% [# # # #]
parameters.g = [0 0 0 0 0.5 1];
% D4, D3, D2, D1 = 0, D0/Dw = 0.5, Dw/Dw = 1
% If have anymore parameters, put them in here
% Solve the problem
res = WaterDepend(y,t,opt,parameters); % x mesh, time, options,
parameters
% Unpack information for the output need for further work
u = res.u;
%return
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% Plots concentration vs time at 3 locations for each species
figure('PaperOrientation','portrait', ...
'PaperPosition', [0.2500 0.2500 8 10.5000], ...
'PaperPositionMode','manual')
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idx = [1 50 90];
y_labels = {'u_4','u_3','u_2','u_1','u_0','u_w'};
N=6;
for j = 1:N
subplot(N,1,j);
semilogx(t,squeeze(u(:,idx,j)),'LineWidth',2);
ylabel(y_labels{j});
if j == 1
title(['System 2']);
hleg = legend('0','0.5','0.9','Location','East');
title(hleg,'z = y / H');
set(hleg,'FontSize',12)
end
if j == 6
xlabel('\tau = D_w t / H^2');
end
set(gca,'FontSize',16);
end

% put print <filename>.pdf -dpdf in command window
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%======================================================================
=========
% Plots concentration vs location at different times
%figure('PaperPosition',[0.25 0.25 8 10.5])
%for j = 1:3
%subplot(3,1,j)
%plot(y,squeeze(u(j+1,:,:)),'LineWidth',2)
%%axis([0 1 0 max(1,parameters.r)])
%ylabel('$C_i$','Interpreter','Latex');
%if j == 3
% xlabel('$z = y/L$','Interpreter','Latex')
%end
%title(['\tau = ',num2str(t(j+1))])
%set(gca,'FontSize',16)
%end
%hleg = legend('$4$','$3$','$2$','$1$','$0$','$W$');
%set(hleg,'Interpreter','Latex')
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SatGel.m – Sets up the equations and conditions to be used with PDEPE to solve the
system saturated with water (System 1)
function results = SatGel(y,t,opt,parameters)
%complete Solution to SatGelproblem
%
% u = pr(y,t,opt,parameters)
%
% The parameters
%
%

phi = parameters.phi;
g = parameters.g;

% Include a parameter in the problem-definition functions
feqn = @(y,t,u,dudy)
fbc = @(yl,ul,yr,ur,t)
fic = @(y)

eqn(y,t,u,dudy,parameters);
bc(yl,ul,yr,ur,t,parameters);
ic(y);

u = pdepe(0,feqn,fic,fbc,y,t,opt);
% Collect computations into a single object
results.y
results.t
results.u
results.parameters
results.opt

=
=
=
=
=

y;
t;
u;
parameters;
opt;

end
% Sub-functions to define the problem
function [c,f,s] = eqn(y,t,u,dudy,parameters)
% u4, u3, u2, u1, u0, in that order for u
% EQN Define the PDE for the problem
% phi^2 = k H^2 / D0 is a measure of the reaction rate relative to the
transport
% rate.
% k = kuw
g = parameters.g;
phi = parameters.phi;

% Di/DA = [D4/D0 D03/D0 D2/D0 D1/D0 D0/D0]

u4 = u(1); u3 = u(2); u2 = u(3); u1 = u(4); u0 = u(5);
%
4
3
1
0

2
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c = [
1
1
1
1
1
]'; %
f = [
g(1)*dudy(1)
g(2)*dudy(2)
g(3)*dudy(3)
g(4)*dudy(4)
g(5)*dudy(5) ]'; % flux % Diffusivity times
gradient
s = [ -phi(1)^2*u4
(phi(1)^2*u4-phi(2)^2*u3) (phi(2)^2*u3phi(3)^2*u2) (phi(3)^2*u2-phi(4)^2*u1)
phi(4)^2*u1 ]'; % Source
end

function [pl,ql,pr,qr] = bc(yl,ul,yr,ur,t,parameters)
%BC Boundary conditions for the problem.

% Left-hand boundary: y = 0;
%
%
%
%
%
%
%
% 0 is left, and 1 is right

z = 0
du_1(t,0)/dy
du_2(t,0)/dy
du_3(t,0)/dy
du_4(t,0)/dy
du_5(t,0)/dy

%
pl = [
ql = [

2
0
1

4
0
1

3
0
1

0
1

0
1

0
1

0
1

ur(5)
0

]';
]';

end
function uo = ic(y) %
%IC Initial condition for the problem.
%
4
uo = [1
end

3
0

2
0

1
0

0
0]';

0
0
0
0
0

1
0
1

% Right-hand boundary: y = H;
z = 1
%
du_1(t,1)/dy
%
du_2(t,1)/dy
%
du_3(t,1)/dy
%
du_4(t,1)/dy
%
u_5(t,1) = 0
pr = [
qr = [

=
=
=
=
=

0
0
1

=
=
=
=

0
0
0
0

]';
]';
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SatGelproblem.m – Solves the system outlined in SatGel.m
%SatGelproblem
clear
close all
home
% Set the time and space meshes
y = linspace(0,1.0,101);
% y/L, uniform spacing % Mesh of 1000
points in space between 0 and 1
t = [0 ; logspace(-4,1,100)']; % scaled time DA*t/H^2
% Logarhythmic spacing for time mesh
% Set accuracy control
opt = odeset('AbsTol',1e-4,'RelTol',1e-4);
% Smaller these are, harder they work
% Figure 1
% Pack the current suite of parameters up to pass in to the computation
Mfile
parameters.phi = input('phi = ');
% ki*H^2/D0
% When prompted to input phi values input as
% [# # # #]
parameters.g = [0 0 0 0 1];
% D4, D3, D2, D1 = 0, D0/D0 = 1
% If have anymore parameters, put them in here
% Solve the problem
res = SatGel(y,t,opt,parameters); % x mesh, time, options, parameters
% Unpack information for the output need for further work
u = res.u;
%return
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% Plots concentration vs time at 3 locations for each species
figure('PaperOrientation','portrait', ...
'PaperPosition', [0.2500 0.2500 8 10.5000], ...
'PaperPositionMode','manual')
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idx = [1 50 90];
y_labels = {'u_4','u_3','u_2','u_1','u_0'};
N=5;
for j = 1:N
subplot(N,1,j);
semilogx(t,squeeze(u(:,idx,j)),'LineWidth',2);
ylabel(y_labels{j});
if j == 1
title(['System 1']);
hleg = legend('0','0.5','0.9','Location','East');
title(hleg,'z = y / H');
set(hleg,'FontSize',12)
end
if j == 5
xlabel('\tau = D_0 t / H^2');
end
set(gca,'FontSize',16);
%set(gca,'Color','[0.75 0.75 0.75]');
end
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%======================================================================
=========
% Plots concentration vs location at different times
%figure('PaperPosition',[0.25 0.25 8 10.5])
%for j = 1:3
%subplot(3,1,j)
%plot(y,squeeze(u(j+1,:,:)),'LineWidth',2)
%%axis([0 1 0 max(1,parameters.r)])
%ylabel('$C_i$','Interpreter','Latex');
%if j == 3
% xlabel('$z = y/L$','Interpreter','Latex')
%end
%title(['\tau = ',num2str(t(j+1))])
%set(gca,'FontSize',16)
%end
%hleg = legend('$4$','$3$','$2$','$1$','$0$');
%set(hleg,'Interpreter','Latex')
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Appendix A.3: Work Shown by Hand for System 2
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Appendix A.4. Future Work for Model
In addition to the write-up above, more work was done on the model that looked at
drug diffusion and concentration dependent diffusion. Drug diffusion can easily be added
to the models shown above, by adding another species that only diffuses (is not used or
produced in any reaction) and starts at a set concentration within the gel. Additionally,
some codes were started, looking at concentration dependent diffusion coefficients.
The model looks at a slab that is in contact with water on one side, and the
degradation studies completed were done using hydrogel discs in contact with water on
all sides. The model would need to be reworked to include this geometry. The masses of
the polymer and the water are now known throughout the process based on experimental
data, so it could be used to validate the model. In addition, moving boundaries would
likely need to be used, since these gels swell and expel water to reach equilibrium. If a
method to accurately obtain the volumes of the hydrogels as they swell and degrade could
be found and used to obtain data, that would help in validation of the moving boundaries.
Like with this model, once the main portion is worked out, it could easily be tailored to
include drug release. It will just be treated as another species that is not used or produced
in any reaction and starts at a set concentration. If necessary, concentration dependent
diffusion coefficients for any or all of the diffusing species can be used. This complicates
the code a fair amount, and it would be recommended to use only if necessary.
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Appendix B. Future Methods
Microfluidics
The field of microfluidics uses channels on the scale of tens to hundreds of
micrometers to manipulate small volumes of fluids.1 The surface area to volume ratio is
significantly increased in microfluidics, meaning that mass and heat transfer is more
efficient in fluids.2 This allows solute concentration and temperature gradients to be
created and homogenized faster in the smaller system sizes.2 The increased surface area
to volume ratio also means that surface tension can have a larger effect on the fluid
behavior.
Many other physical phenomena take place in microfluidic devices, and the use of
dimensionless numbers helps to determine where in the parameter space a system falls.3
The Reynolds number, 𝑅𝑒, is a relation of the inertial and viscous forces, and is
represented by the equation,4,5
𝑅𝑒 =

𝐷𝑉£ 𝜌
𝜇

(𝐵. 1)

where 𝐷 is the diameter, and 𝑉£ , 𝜌, and 𝜇 are the average velocity, density, and viscosity
of the liquid, respectively.5 Reynolds numbers below 2100 indicate laminar flow through
a conduit. Microfluidic devices often exhibit this type of flow, which helps to simulate
flow conditions that would be present in biological conditions.
The Peclet number, 𝑃𝑒, shows the relation between convection and diffusion.3 It
is represented by the equation:
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𝑃𝑒 =

𝑉£ 𝐿
𝐷

(𝐵. 2)

where 𝐷 is the diffusion coefficient of the molecule being studied, 𝐿 is the length
perpendicular to the direction of flow, and 𝑉£ is the average velocity.2
Microfluidic Device Fabrication
Glass slides (VWR; 3 x 1 in) are rinsed off on both sides with DI H2O, followed
by isopropanol (VWR Chemicals BDH). The slides are then dried with a Kimwipe
(Kimtech Delicate Task Wipers). One slide of each device is placed onto the Gorilla Tape
(Double Sided Mounting Tape), which is then trimmed to be the length of the slide. Two
device sizes could be made. The thinner of the two receives one layer of tape, while the
thicker one receives two layers. This allows for different sized needles to be used,
allowing for two possible channel sizes. Regardless of the number of layers of tape, a
0.25 in by 1 in rectangle is cut out of the center of the tape with two slits leading to the
sides of the device, allowing for the end needles to be inserted.
The end needles are inserted into the slits on both ends of the device. For the
thinner devices, the 21-gauge needles (Air Tite; N21112, 1.5 in Vet Premium
Hypodermic Needle) are used, and for the thicker devices, the 18-gauge needles (Air
Tite; N18112, 1.5 in Vet Premium Hypodermic Needle) are used. Before device
fabrication, the end needles are cut down to ⅞ in using a Dremel tool, and the
corresponding channel needle is then pushed through the needle in both directions, to
ensure it is cleared. The channel forming needle is inserted through both end needles to
allow for adjustments, so that proper alignment is achieved before the devices are put
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together. The channel needles used for thinner devices are 5 in, 26-gauge needles
(Hamilton; 90826, valve port hat type, point style 3), and those for the thicker devices are
6 in, 20-gauge needles (Cadence Science; 7934, pipetting needles, blunt end, standard
hub). A scale, printed on transparency, is then placed near the middle of the device on the
Gorilla Tape, in such a way that the lines are parallel to where the channel will be. After
alignment of the needles and placement of the scale, the top slide is placed on top of the
Gorilla Tape.
To secure the end needles in place and seal the outside of the device shell,
Norland Optical Adhesive 81 is placed around the interface of the needle and cured under
UV light (Blak-Ray; B-100A High Intensity UV Lamp; 100 Watt, 365 nm) for
approximately 5 minutes on each side. The long edges of the device are each coated with
optical adhesive and propped up to cure for approximately 5 minutes on each side. The
window, where the hydrogel can be viewed, is then wiped off with acetone (Macron Fine
Chemicals) on a Kimwipe, followed by DI H2O on a Kimwipe. A schematic of the device
can be seen in Figure B.1.

Figure B.1. Left: schematic of hydrogel-filled microfluidic device; Right: Layers within microfluidic
devices.
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Since these gels can thermally cure at room temperature, it is necessary to move
quickly when filling the devices. Before mixing the gel, a channel needle is inserted into
one of the end needles of the device. Once the gel is mixed, it is transferred via a 3 mL
luer lock syringe (Norm-Ject), that is then attached to the other end needle, and the gel is
dispensed into the device. The syringe is then removed, and the channel needle is pushed
through the other end needle out the other side of the device. The device is placed in the
oven at 37 °C for 20 minutes. Once removed from the oven, excess gel is removed from
the end needles via tweezers before the channel needle is removed, preventing small
chunks of gel from being pulled into the channel, thereby clogging it.
Some devices are fabricated to be half-filled with a hydrogel to observe swelling at
different temperatures. For these devices, only the inner rectangle is cut out of the gasket.
No end needles are inserted, and the hydrogel is injected through the gasket, as well as
excess PBS, before more optical adhesive is placed over the holes made by the needles
for injection and cured for 5 minutes.

Microfluidics Set-Up
A MATLAB script is used to connect to the cameras of the microscopes (Leica,
EZ4W). The devices are placed in a makeshift water bath, set to 37 °C. The water bath
consists of glass dishes (Anchor; 3 qt) with adjustable aquarium heaters (Hygger; 50 W)
placed horizontally on the bottom of the dish and water filled almost to the top. One dish
can hold two devices and can be placed underneath two microscopes at a time. The lids
have square holes cut in them, with a gasket and a large glass slide attached on the
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underside, such that the glass slide is below the water level when the lid is placed on the
dishes. This allows a clear view of the devices, without water ripples distorting the
images, and it prevents condensation on the lens of the microscope.
The devices that receive continual flow of PBS receive solution from the syringe
pumps (New Era Pump Systems; 1010) via 0.8 mm ID silicone-platinum cured tubing
(MasterFlex), and are attached to tubing on the other end, that places the effluent in a vial
or jar to be collected. The devices that are hooked to tubing require tape to hold them
down, to prevent them from floating. The devices that are closed off can be placed
directly in the water bath as is.

Preparation of Other Hydrogels (CMC/PEGDA, ETTMP/DAPEG, CMC/DAPEG)
The polymer precursors, ETTMP (Figure B.2), PEGDA (Figure B.3),
carboxymethyl chitosan (CMC) (Figure B.4), and an alkyne derivatized PEG (DAPEG)
(Figure B.5), can be combined in various ways in order to create four different hydrogel
systems. The following combinations, ETTMP/PEGDA, ETTMP/DAPEG,
CMC/PEGDA, and CMC/DAPEG, are possible, as shown in Figure B.6. The ETTMP
and PEGDA are not dissolved in PBS before being added to the gel solution, but stock
solutions of the carboxymethyl chitosan (CMC) (Santa Cruz Biotechnology) and DAPEG
must be prepared ahead of time, as these are solids that do not dissolve immediately. The
CMC, when prepared in a 5 wt% solution in pH 7.4 PBS, requires stirring for hours for
complete dissolution, whereas the DAPEG, when prepared in a 35 wt% solution in PBS,
dissolves much more quickly, with stirring. The more concentrated the stock solution, the
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more options for mass fractions that exist when making gels. The DAPEG solution can
likely be made more concentrated, but the chitosan solution takes a large amount of time
to dissolve, so a more concentrated stock solution may be difficult to make. These stock
solutions are stored in the refrigerator when not in use.

Figure B.2. ETTMP.

Figure B.3. PEGDA.
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Figure B.4. CMC.

Figure B.5. DAPEG.

Figure B.6. The four possible hydrogel combinations from ETTMP, PEGDA, CMC, and DAPEG,
and the respective functional groups that react to form crosslinks.

The procedures for the ETTMP/PEGDA hydrogels are described throughout this
thesis, and the CMC/DAPEG hydrogel is described by Huang and Jiang.6 It should be
noted, however, that when trying to recreate the same hydrogels used in their work, the
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same results were not seen. The two hydrogel systems that will be talked about in more
length in this section are the CMC/PEGDA and ETTMP/DAPEG hydrogels.
The CMC/PEGDA hydrogel was successfully cured, although some cure times
were on the order of 24 hours or more, with varying amine/acrylate ratios, as well as
varying solute mass fractions. The resulting gel is clear and transparent. The solute mass
percent is limited by the addition of the CMC solution, which contains large amounts of
PBS, making roughly 10% solute the high end that can be achieved. There are likely
other amine/acrylate ratios that result in gelation, but ratios ranging from 1 to 5 were
tested, at different solute mass percent values, and resulted in gels. The higher the solute
mass percent, the faster the cure time seems to be. Gels with an amine/acrylate ratio of 1,
at 5, 7, and 10 wt% polymer were cured, with the 10 wt% gel curing first. A systematic
way of measuring the cure times of gels ranging in solute mass fraction and
amine/acrylate ratio would be useful in better understanding how to cure these gels in a
reasonable amount of time, and in what ratios a gel can actually form. Rheological
studies would be best in determining cure time, but the long cure times result in drying of
the sample and inaccurate results, so a solvent trap would need to be constructed for these
measurements, especially if they are to be done on a Peltier plate at 37 °C, which would
be recommended to obtain physiologically relevant data.
Some CMC/PEGDA gels were also prepared in the presence of a base. Sodium
bicarbonate (NaHCO3), sodium carbonate (Na2CO3), and triethylamine (TEA) were all
used as bases at concentrations of 0.1 mol% or less. While this also allows gels to be
formed, it may result in faster degradation, and if concentrations of the base are too high,
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gels will not form. It would likely be more useful to determine the best compositions
without catalysts before studying the effects of catalysts on the cure time and other
properties.
The ETTMP/DAPEG hydrogels were mostly synthesized at 25 wt% polymer.
Due to the brown color of the DAPEG, these hydrogels take on a brown/orange,
transparent appearance. Gels composed of 100 μL ETTMP, 790 μL 35 wt% DAPEG
solution, 610 μL pH PBS, and 27 μL 0.3 M base solutions were synthesized. Using
NaHCO3 as the base, the gel cured in less than 48 hours, while using Na2CO3 led to a cure
time of a little over 24 hours. Using TEA as a base resulted in a gel that cured in less than
48 hours, but returned to a viscous solution not long after that. Using a NaHCO3 solution,
at pH ≈ 8.5, as opposed to PBS, resulted in gels formed in a matter of minutes or
seconds. As with the CMC/PEGDA hydrogels, a systematic approach to measuring cure
times with various ratios and bases is recommended. Since the DAPEG must be added as
a solution and cannot be mixed with ETTMP before introducing PBS into the solution,
cooling, or even freezing, the ETTMP and DAPEG solutions before mixing may prevent
the ETTMP from coming out of solution before reacting sufficiently with the DAPEG. It
is recommended that this approach also be taken, as it may eliminate the need for the
addition of a base.

Synthesis of DAPEG
The synthesis of the alkyne derivatized PEG monomer (DAPEG) is adapted from
that of Huang and Jiang.6 To a round bottom flask, 150 mL toluene (VWR Chemicals
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BDH), 10 g PEG 2000 (Tokyo Chemical Industry), 0.57 g p-toluenesulfonic acid (SigmaAldrich), and 1.3 mL propiolic acid (Sigma-Aldrich) are added. The flask is covered in
foil to minimize exposure to light, and the mixture is stirred and refluxed for 48 hours.
The reaction can carried out under nitrogen for the first hour or longer, but this step does
not appear to be necessary. A Dean Stark trap is used to collect water.
The majority of solvent is removed via vacuum, leaving a dark brown oil. The
DAPEG is precipitated in roughly 150 mL cold isopropanol (VWR Chemicals BDH) and
is stirred in an ice bath for one hour. The solid is separated via vacuum filtration, and is
washed multiple times with ice cold isopropanol. Remaining solvent is removed under
vacuum in an oven at room temperature for 24 hours. The product is a light brown solid,
that is stored at 4 °C, wrapped in foil, when not in use.

ETTMP Phase Studies
While the ETTMP/PEGDA hydrogels have been well characterized, there are
questions regarding the phase behavior of ETTMP in aqueous solution that still need to
be answered. The temperature dependent swelling and deswelling suggests that it may
have an LCST somewhere between 30 and 37 °C, since this is the range where
deswelling is observed for the lower wt% polymer gels. There is also large variation that
occurs when making these gels. Some gels appear clear, and remain clear at elevated
temperatures, while others become opaque when exposed to temperatures above 25 °C,
and even at 25 °C for some. To explore this behavior, UV-Vis experiments that measure
the absorbance over time for varying concentrations of ETTMP in PBS at relevant
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temperatures should be performed. The solubility will be marked by when the solution is
clear, and changes in absorbance will be used to monitor when the solution becomes
opaque, or when ETTMP comes out of solution. Initial studies to screen what
concentrations should be used can be performed via visual observations, noting when the
solution is opaque, but UV-Vis should be used in the finer screening process to detect
smaller changes in absorbance.

Degradation of ETTMP/PEGDA Hydrogels at Other Polymer Mass Fractions
The 25, 35, and 50 wt% hydrogels swelled and degraded in a manner that could
be described with a simple model. To determine how effective this model is outside these
three compositions, it is recommended that at least 40 and 75 wt% polymer hydrogels be
tested as well, since a 40 wt% hydrogel is just below the equilibrium water content and
the 75 wt% hydrogel is well below this. There should be significant swelling in the
75 wt% hydrogel, and it will be interesting to determine how long this delays
degradation. These studies can be set up using the same methods as described for the 25,
35, and 50 wt% hydrogels.

Modeling Hydrogel Degradation and Erosion
An empirical model for the fraction of hydrated mass of hydrogel remaining over
time has been created, which estimates the initial extent of swelling and the erosion rates
of the hydrated hydrogels. To complement this information, a model is to be developed to
predict the polymer mass lost over time, which can be determined from the dry mass of
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the hydrogel, or the mass after lyophilization. This model, unlike that of the hydrated gel,
will monitor the change in mass of one species, the polymer. The two models will then be
able to provide insight into the rates of degradation, as well as erosion of the hydrogel,
since degradation is accompanied by an increase in water into the gel, due to the breaking
down of the network, and erosion is due to the dissolution of the degraded polymer
segments from the hydrogel. There are several models that have been previously used for
the dissolution of drugs, as well as degradation and erosion of drug delivery systems, that
can be used as a starting point for this data to determine what yields the best fit.7,8,9
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